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The development of recent imaging modalities and of multimodal imaging may
offer new perspectives for biomedical imaging, such as in-vivo cancer detection at
early stages.
By combining optical coherence tomography (OCT) and photoacousticmicroscopy
(PAM), complementary information is extracted from tissue: scattering and absorp-
tion. Non-invasive cross-sectional images with micrometre resolution are obtained.
In this thesis, for the first time, encouraging results using a single SC source
for OCT and PAM are obtained. Micrometre axial resolution is achieved using SC
sources for OCT. The use of SC sources for PAM allows for multispectral PAM
(MPAM) by using several excitation spectral bands. With MPAM, different ab-
sorbers are distinguishable and recognisable through their absorption spectra. In
addition, for the first time, spectroscopic photoacoustic (sPA) measurements are
demonstrated in the visible using a bandwidth narrower than 40 nm. These re-
sults were obtained with the first multimodal imaging system that combines sPA,
PAM, MPAM and OCT. A single commercially available SC source is used for ex-
citation. Diverse in-vitro and in-vivo samples are imaged to show the capabilities
of such a configuration. In addition, the development of a novel fibre-based SC
source with both increased energy density and pulse repetition frequency (PRF) is
presented. The increased pulse energy allows reduction of excitations bands that
leads to more accurate MPAM and sPA measurements, while the access to larger
PRFs allows for both noise reduction and faster imaging rates in PAM and OCT. A
tapered photonic crystal fibre (PCF) is used to generate the SC by nonlinear spec-
tral broadening. The larger input core of the tapered PCF enables enhanced energy
density, where more than 50-100 nJ is achieved with less than 30 nm wide band-
width, over a broad spectrum extending from 500 nm to 1700 nm.
Such a source can be used for in-vivo blood oxygen saturation determination,
skin and other superficial organs imaging, which is critical to image tumours and
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1Chapter 1
Introduction
The work presented in this thesis covers two major lines of research in photonics:
biomedical imaging and fibre optics/lasers. [1–5]
Biomedical imaging started in the 1900’s with radiography after the discovery
of x-rays by Wilhelm Conrad Röntgen, who was awarded the first Nobel Prize in
Physics in 1901 [6].
The optoacoustic effect was discovered in the 1880’s by Alexander Graham Bell
[7]. Sound could be generated from amaterial exposed to sun light, however the re-
sults were too crude, and the technique was abandoned. In the 1940’s, preliminary
work on lasers helped the development of optoacoustic effects for gas detection
[8, 9]. An important step forward was marked in the 1960’s by the discovery of the
first laser operating at optical frequencies based on a ruby crystal [10]. In 1964, pho-
toacoustic (optoacoustic) effect was for the first time conducted in the biomedical
field on a living rabbit eye using a ruby laser [11]. The first two-dimensional images
were obtained in 1982 byOlsen et al. [12, 13]. In 1994, two groups published on pho-
toacoustic imaging using pulsed light. The method used, called "laser-based optoa-
coustic technique" by Oraevsky et al. [14] or "photoacoustic ultrasound" by Kruger
et al. [15], refers to the technique used nowadays. A pulsed light excites the sample
and the resulting acoustic waves are detected to generate a multi-dimensional map
of absorption by using the acoutic wave’s time of arrival. In the literature, both
terms (photoacoustic and optoacoustic) are still interchangeably used. Manohar
and Razansky published in 2016 a historical review of photoacoustic (PA) [16].
In the early 1990’s, optical coherence tomography (OCT) was invented, the first
in-vivo cross-section image of a human eye was obtained by Huang et al. in pro-
fessor Fujimoto laboratory [17]. OCT is based on scattering and allows for non-
invasive imaging in depth. In 1996, the first en-face OCT image of the retina was
demonstrated by Adrian Podoleanu*, George M. Dobre*, David J. Webb and David
A. Jackson* in the Applied Optics Group of the University of Kent [18] (Fig. 1.1).
Three of them* are still working in the group! OCT is the optical imaging technique
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(a) (b)
FIGURE 1.1: (a) Crab & Winkle Path at the University of Kent, designed as a rail-
way line commemorating one of the first British train lines that was passing few
meters below and, (b) engraved brick that marks history in the Applied Optics
Group of the University. Pictures from Manuel J. Marques.
that presents the fastest prolonged market growth since it has been invented. PA is
also subject to a strong growth. Unfortunately, the progress of PA in the Applied
Optics Group was much slower, it took 20 years (2016) from 1996 to generate a first
three-dimensional PA microscopy (PAM) image!
In parallel, in the 1960’s, shortly after the first laser was built, generation of light
by a non-linear process was demonstrated by Franken et al. [19] and, the first am-
plification in a fibre laser was performed by Koester et al. [20]. The first SC was
demonstrated in 1970 by Alfano et al. [21]. The first fibre-based supercontinuum
(SC) pumped by a fibre-based laser was reported in 1997 by Chernikov et al. [22].
The invention of photonics crystal fibres (PCFs) in 1996 by Knight et al. [23] has
boosted the development of SC sources with relatively flat and broad spectra. The
first report on SC generation (SCG) in PCF dates from 1999, by Ranka et al. [24].
The first commercial PCF was introduced into the market by Crystal Fibre (now
NKT Photonics) in 2000, leading to the introduction of SC sources (lasers) into the
market in 2003 by Koheras (now NKT Photonics).
The first modern use of SC sources has been reported in 1976 by Lin et al. [25]
for spectroscopy. SC sources are now commonly used for such applications and
for biomedical imaging. The evolution and the development of these two fields are
closely linked.
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1.1 Project motivation
Thework presented in this thesis wasmotivated by the growing interest in biomed-
ical imaging over the past decades in terms of research as well as in clinical diag-
nostics and everyday life. There has been a great focus on multimodal imaging,
since it can provide complementary contrasts, such as tissue absorption and tissue
scattering. OCT, based on tissue scattering, is an established non-invasive imaging
modality that is already implemented in multiple applications. Fluorescence mi-
croscopy is commonly used to distinguish different components within a tissue by
using the absorption properties of dyes or fluorophores preliminary injected in the
tissue. The advantage of using PAM instead of fluorescence microscopy is that such
an imaging modality is non-invasive and uses the intrinsic absorption properties of
the tissue.
PAM and OCT offer non-invasive three-dimensional images of tissue with mi-
crometre resolutions. A field of view of typically a fewmm2 is achieved with a pen-
etration depth of a few mm maximum. Current research has already shown great
results in combining PAM and OCT [26–34]. However, most often, each modal-
ity used its own dedicated light source, since the two technologies have different
requirements. For instance, OCT requires fast broadband light sources to obtain
images with a low signal to noise ratio and high axial resolution, while PAM re-
quires nanosecond pulses with a narrower bandwidth to target specific absorbers.
There have been several attempts at using a single source for both imaging modal-
ities [35–37], however the results obtained were not satisfactory.
The aim of this thesis is to build a source that is suitable for both OCT and PAM.
SC sources are the only light sources that fit the requirements of bothmodalities. SC
sources can operate with nanosecond pulses, necessary for PAM, and at relatively
high PRF, tens of kHz up to several MHz, that allow fast imaging. SC spectrum
can usually extend from 500 nm to 2300 nm. By spectrally filtering the SC, narrow
bands can be used for PAM and a broadband spectrum can be allocated to OCT
operation. SC sources offer a wide flexibility in term of spectral choice. OCT can be
performed in the visible [31, 38–42], the near-infrared (NIR) [17, 29, 37, 40, 43–46]
and the IR [29, 47–51]. All these spectral bands are covered by SC spectra and their
broad bandwidth allows for good axial resolution [40]. PAM can be performed
at different wavelengths depending on the absorber targeted [52, 53], blood and
melanin are usually imaged in the visible [32, 54–61] or in the NIR [62, 63], lipids
and collagen in the IR [58, 64, 65]. By using SC sources with the appropriate filters,
PAM can be performed on many absorbers using a single light source instead of
using several lasers. Oxygen saturation of blood can be measured by using several
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spectral bands for spectroscopic photoacoustic (sPA). By using different spectral
bands, blood, melanin, lipids, fat, collagen, water can be imaged and differentiated
with multispectral PAM (MPAM). In this case the use of a single light source is an
advantage in terms of price but as well as in assembling a compact system, that can
be integrated in clinics and present commercial potential.
Currently the only SC source that can be used for OCT and PAM is the SuperK
COMPACT fromNKT Photonics (datasheet in Appendix B.2). This source has been
considered too slow and too noisy for OCT so far, and presenting not enough en-
ergy for MPAM. This statement will be revoked in this thesis, and results obtained will
prove that the SuperK COMPACT is not ideal but can be used for such multi functionality.
The current lack of energy for MPAM is slowing down the research in that field.
Technical challenges are currently limiting the development of a more suitable SC
source for sPA/PAM/MPAMandOCT. In this thesis, a SC source is developedwith
enhanced energy, and higher repetition rates that allow for faster imaging with re-
duced noise. A combined sPA-PAM-MPAM-OCT is developed as well, using a SC
source as the only optical excitation.
The work presented in this thesis is a first proof of principle on the development
and the use of SC sources for sPA-PAM-MPAM and OCT imaging.
1.2 Project overview
This project was funded by the Marie Curie Actions with the Initial Training Net-
works of the European Research Council within the "UBAPHODESA" project (grant
number 607627). This project was a collaboration between an industrial partner,
NKT Photonics based in Denmark and the University of Kent in the United King-
dom. UBAPHODESA stands for Ultrawide BAndwidth PHotonics DEvices, Sources
andApplications. Thework achievedwas split between the two places to gain from
each partner’s skills.
The first part took place at NKT Photonics fromDecember 2014 to June 2016 and
was mainly directed towards the development of an innovative broadband high
pulse energy supercontinuum (SC) source, specially design for sPA/PAM/MPAM
and OCT imaging. Part of the results are published in [1, 4] (Appendices A.1 and
A.4).
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Between October and December 2015, I visited Opticent, a spinoff issued from
the group of professorHao Zhang at NorthwesternUniversity (USA). I haveworked
there with one of his PhD student, Xiao Shu. The SC source build at NKT Photon-
ics was used to perform sPA, PAM and OCT in-vitro and in-vivo. This experiment,
meant to be a proof of concept, resulted in a publication [2] (Appendix A.2).
The second part of the thesis took place at the University of Kent between July
2016 and December 2017. An imaging system combining sPA, PAM, MPAM and
OCT was built using a single SC source for illumination of all modalities. Different
in-vitro samples were used to show the capabilities of such an imaging system. The
results are published in [3, 5] (Appendices A.3 and A.5).
1.3 Organisation of the thesis
The thesis is structured in IV different parts. Part I introduces theoretical concepts
necessary to understand the experimental work presented in Part II. In Part III, an
outlook of possible future work is given and, a summary and conclusion of this the-
sis. Finally, Part IV contains the list of papers I published in the scope of this thesis
and appendices of external media used. A summary of each chapter is given below.
The research presented in this thesis falls into two categories:
(i) Multimodal imaging with PAM and OCT Chapters 2 and 5
(ii) Fibre lasers and SC generation Chapters 3 and 4
FIGURE 1.2: Schematic diagram of the organisation of parts I and II of the thesis.
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First, multimodal imaging (PAM and OCT) is presented theoretically (chap-
ter 2). Requirements in terms of the light source are described, which then leads
to the introduction of SCs (chapter 3). Then, in chapter 4 the development of a new
design of SC source is presented. Finally, multimodal imaging (PAM and OCT) is
performed using SC sources, and reported in chapter 5. Chapter 6 gives an outlook
of potential research that follow the work presented in chapters 4 and 5. Chapters 2
to 6 are linked together following the organisation presented in Fig. 1.2.
Part I - Theory
• Chapter 2 relates to multimodality. It focuses on photoacoustic microscopy
(PAM), spectroscopic photoacoustic (sPA), multispectral photoacoustic mi-
croscopy (MPAM) and optical coherence tomography (OCT). The aim of this
chapter is to introduce several fundamental and theoretical concepts neces-
sary to understand the experimental work presented in parts II and III. In
addition, this chapter helps the understanding of the requirements necessary
in terms of light source to perform sPA, PAM, MPAM and OCT.
• In chapter 3, an introduction to supercontinuum generation (SCG) in pho-
tonic crystal fibres (PCF) is given. Current limitations are presented as well.
This chapter aims to support the research presented in chapter 4.
Part II - Experimental work
• Chapter 4 presents the development of a SC source suitable for sPA, PAM,
MPAM and OCT imaging. A new design of PCF is evaluated and an all-fibre
based pump is developed for SCG with enhanced energy. Different spectral
filtering configurations are discussed. And finally, a SC source based on the
new PCF design with a fibre-based pump is integrated as a prototype and its
detailed characterisation is presented, including spectral density, pulse rep-
etition rate influence on the SC spectrum and noise measurements. This SC
source is as well compared to a commercially available (state of the art) SC
source (SuperK COMPACT).
• In chapter 5 sPAmeasurements, PAM,MPAM and OCT images are presented
using SC sources. Different in-vitro and in-vivo samples are imaged to show
the advantages of each imaging modality. The focus is mainly on showing
the concept of sPA and MPAM based on SC sources.
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Part III - Outlook and conclusion
• Chapter 6 presents an outlook of different possible directions that can be in-
vestigated in continuation of the research presented in Part II.
• Chapter 7 gives a summary and conclusions of the work presented in this
thesis.
Part IV - Appendices
• Appendix A presents the different papers I published in the scope of this
thesis.
• Appendices B andC presents datasheets of essential devices employed in the
thesis, such as of NKT products and of the transducer used for photoacoustic
detection.
• Appendix D contains extracts of the ANSI standards for laser safety.
1.4 List of Publications
The work carried out during this PhD project has resulted in several peer review
publications and conference participations (oral and poster presentations).
Journal publications
• Magalie Bondu, Christopher Brooks, Christian Jakobsen, Keith Oakes, Peter
Morten Moselund, Lasse Leick, Ole Bang, and Adrian Podoleanu, "High en-
ergy supercontinuum sources using tapered photonic crystal fibers for multi-
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• Xiao Shu†, Magalie Bondu†, Biqin Dong, Adrian Podoleanu, Lasse Leick,
and Hao F. Zhang, "Single all-fiber-based nanosecond-pulsed supercontin-
uum source for multispectral photoacoustic microscopy and optical coher-
ence tomography", Optics Letters, Vol. 41(12), pp. 2743-2746 (2016).
†These authors contributed equally to this work.
DOI: 10.1364/OL.41.002743 [2]
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DOI: 10.1117/12.2286119 [3]
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Multimodal imaging: theory and
motivations
In this thesis two different imagingmodalities were used: photoacousticmicroscopy
(PAM) and optical coherence tomography (OCT). These modalities give comple-
mentary information about a sample. PAM signal is based on the sample absorp-
tion whilst OCT signal is based on the scattering of the sample. Tissue interactions
are introduced in section 2.1. PAM and OCT offer three-dimensional imaging with
micrometre resolution, a penetration depth up to a few mm and a field of view of
few mm2. In sections 2.2 and 2.3, PAM and OCT are introduced to supplement and
help the understanding of the experimental work presented in chapters 5 and 6. In
section 2.4 multimodal imaging is introduced. The light source parameters needed
are presented as well, for each modality, to justify the motivation for researching a
supercontinuum (SC) source for PAM-OCT imaging. The development of such a
source is presented in chapter 4.
2.1 Interaction light-matter
When light is sent to a sample, five major processes occur: reflection, transmission
(and refraction), scattering, absorption and emission. Figure 2.1 represents these
processes. PAM is based on absorption and OCT on scattering. Therefore, different
information from the sample investigated is gathered by PAM and by OCT.
During light absorption in the sample, the photon’s energy is taken up by sam-
ple matter. This absorbed light is transformed into some emitted light and some
thermal energy. In PAM, the thermal energy created during absorption is detected
to map the sample internal morphology. The transmission of a material slab of
thickness d and absorption coefficient α (measured in 1/cm) is expressed by:
T = e−αd, (2.1)
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FIGURE 2.1: Major light-matter interactions.
When scattered by a medium, the light is deviated from its original straight tra-
jectory. Three different light scatteringmodels can be differentiated [67]. Geometric
scattering is defined when particles are much larger than the light wavelength (λ),
geometric optics laws are generally sufficient to describe the phenomena. When
particles are much smaller than the light wavelength, Rayleigh scattering occurs,
the losses introduced by the scattered light are following an evolution in 1/λ4. Or-
ganic tissue is a highly scattering medium for optical waves, when the particles
that scatter light have about the same size than the wavelength of the light (∼ µm),
it is called Mie scattering. The Mie scattering is dominatant in organic tissue and
has the particularity of having a strong forward propagating signal. The tiny signal
that is backscattered by tissue is measured with OCT.
It is possible to distinguish between two categories of imaging methods using
optical waves. One method is multi-scattered - diffuse - optical tomography, which
has poor spatial resolution but large imaging depth (∼ cm). An imaging depth
larger than the optical diffusion limit (1 mm) is achievable. The other method is
minimally scattered - ballistic - optical microscopy. Ballistic photons propagate in
straight lines over a short distance in scattering tissue, they provide lower imag-
ing depth limited by optical diffusion (∼ mm). Nevertheless, ballistic optical mi-
croscopy comes with the advantage of high spatial resolution (∼ µm). Both PAM
and OCT fall within this category.
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2.2 Photoacoustic Microscopy
In this section, PAM principle is introduced to support the understanding of the ex-
perimental results presented in chapters 5 and 6. The axial and lateral resolutions
of PAM are presented in section 2.2.2. In section 2.2.3, an overview of different de-
tection system technologies is presented, based on literature data. Further details
are given in section 2.2.4 on the signal detection and processing chosen for the work
presented in this thesis. Complementary information is as well given in section 5.1
of chapter 5. Since part of the work presented in this thesis (chapter 4) relates to
research on a supercontinuum (SC) source for PAM (and OCT) imaging, the dif-
ferent requirements in terms of light source demanded by PAM are presented in
section 2.2.5. A quick introduction to noise in PAM is given in section 2.2.6. Finally,
in section 2.2.7 spectroscopic photoacoustic (sPA) and multispectral PAM (MPAM)
are introduced.
2.2.1 Principle
Photoacoustic imaging (PAI) is an absorption-based and depth-resolved imaging
modality which consists of an optical excitation within the zone of interest cou-
pled with ultrasonic detection of created acoustic waves. A high-pulse energy
laser illuminates biological tissues, where molecules absorb the optical energy. A
rapid thermo-elastic expansion generates broadband high-frequency acoustic (ul-
trasonic) waves. Detected waves are used to reconstruct the map of optical absorp-
tion regions in depth.
The research here is focused on PAM, a PAI system where both the optical ex-
citation and ultrasonic detection are focused down to a small region of a sample
(typically of circular shape with a diameter of less than 50 µm diameter). Photoa-
coustic tomography (PAT) [68] is not performed in this thesis, it generally offers
deeper penetration depth at the cost of poorer resolution.
At each position on the sample, a so-called A-scan is generated from the acous-
tic waves detected, and contains information about absorption in depth (z), see
Fig 2.2. By scanning laterally either the excitation laser beam over the sample or
by translating the sample laterally (along a fast axis x), a two-dimensional image in
the plane (x,z), called B-scan, can be reconstructed. If scanning is also performed
along a perpendicular direction to the fast axis x (i.e. along the slow axis y), a three-
dimensional volume (x,y,z) is obtained.
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FIGURE 2.2: Terminology of A-scan and B-scan.
2.2.2 Resolution
One can distinguish between two configurations of PAM depending on whether
the acoustic signal or the optical signal is more tightly focused: acoustic-resolution
(AR) or optical-resolution (OR), as presented in Fig. 2.3. The lateral resolution is
determined by the overlap of the dual foci, and the axial resolution depends on the
detected PA wave bandwidth. It is typical to achieve a lateral resolution within
tens of micrometres and an axial resolution of 20-100 µm. One of the advantages
for using ultrasonic detection is that tissue absorption of acoustic waves is lower
than that of optical waves.
FIGURE 2.3: Simplified sketch presenting the differences between acoustic- and
optical-resolution photoacoustic microscopy (AR- and OR-PAM).
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where, vs is the speed of sound and δf the detected photoacoustic wave bandwidth.
However, the lateral resolution depends on the PAM configuration employed.




f0 ·NA0 , (2.3)
where, f0 is the detected photoacoustic wave central frequency (typically tens of
MHz), NA0 the numerical aperture of the photoacoustic interface and vs the speed
of sound that is relatively constant in soft tissue, ∼ 15 mm/µs with small varia-
tions of less than 10 %. Both f0 and NA0 are fixed by the design of the detector
and typically allow for a lateral resolution of ∼ 50 µm. Unfortunately, this is not
sufficient to resolve fine structures (such as capillaries of typical diameter 4-9 µm).
By detecting higher frequency waves, the lateral resolution can be improved but
since the attenuation of an ultrasonic wave is governed by the relation a · f0b, this
approach comes at the cost of lower penetration depth. A maximum frequency of
few hundreds of MHz is usually stated [68].
For a fixed detection bandwidth, to improve the lateral resolution with AR-
PAM, the numerical aperture of the detector needs to be increased which leads to
an OR-PAM design, see Fig. 2.3. The lateral resolution corresponds then to the





where, λ0 is the optical excitation central wavelength and NA the numerical aper-
ture of the objective used to focus the excitation beam on the sample. In this config-
uration, the lateral resolution can be as low as few micrometres with a penetration





OR-PAM configurations are used for the work presented in this thesis.
The most common limitations for high resolution and high penetration depth
in PAM are due to the acoustic detection system and the light source used. Indeed,
to improve both axial and lateral resolution the detection system needs to be im-
proved in terms of its RF bandwidth. However, the larger the frequency of the
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acoustic wave, the larger its attenuation, thus lower penetration depth. To com-
pensate for the increased attenuation with frequency, and image thicker samples,
one needs to use a higher energy optical excitation source whilst maintaining the
power on the tissue within the ANSI standards.
2.2.3 Detection systems
Different types of detections are used, the main parameters are: the central fre-
quency and the bandwidth. The implementation of the transducer in the imaging
system must be taken into consideration. A medium is often used to couple the
acoustic wave to the detector; the detector is part of the PAM setup and can require
specific configurations.
Piezoelectric detectors, transducers with a central frequency of tens of MHz are
typically used for ultrasonic detection [2, 3, 5, 27, 34, 57, 70–72]. They have a finite
operational bandwidth of tens of MHz, which limits the axial resolution, accord-
ing to equation 2.2. A medium such as water or ultrasonic gel is needed to couple
the acoustic wave to the detector. Most piezoelectric transducers present a specific
focal distance. Since the numerical aperture of a detector is inversely proportional
to the sample-to-detector distance, the lateral resolution achievable can be limited
by this parameter (AR-PAM). In this thesis, we used only unfocused transducers
that allow an easier implementation of the imaging system. The datasheet of this
transducer is presented in Appendix C.
Optical-based detection techniques provide larger detection bandwidth for bet-
ter axial resolution and allow for larger field of view. In recent work, a Fabry Pérot
interferometer, which comprises a thick parylene polymer film ultrasound sensor
placed on the surface of the sample, was reported to detect PA waves [29, 33, 73–
75]. This polymer is transparent in the spectral range 590-1200 nm. The excitation
laser pulses are transmitted through the sensor head and into the underlying tis-
sue. The acoustic pulses reaching the sensor head modulate the optical thickness
of the Fabry Pérot interferometer and hence its reflectivity. A reference beam (at
1550 nm typically) is used to detect these changes and therefore the strength of
the acoustic waves. This type of optical detector allows for better axial and lateral
resolution (lateral only for AR-PAM) than what is achievable with standard piezo-
electric detectors. However, similarly as piezoelectric-based transducers, detector
and sample must be in contact.
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Other research groups have shown promising results using a newly developed
micro-ring resonator-based ultrasonic detector [59, 60, 76, 77]. This detector is com-
posed of closely spaced bus and ring waveguides. The PA waves excite the ring
waveguide and influence both the ring size and refractive index of the waveguide
medium. The resonant frequency of the micro-ring resonator-based ultrasonic de-
tector is modified by this process, a change that is detected via the modulated op-
tical signal exiting the bus waveguide. This optical-based detection method offers
a broader bandwidth and a larger numerical aperture than classical detection, that
leads to improvement in both axial and lateral resolution (lateral only for AR-PAM).
Low-coherence interferometers have been used to detect acoustic waves. This
type of detection presents the advantage of being contact-less and can be easily
integrated within an OCT imaging platform. Both Michelson [32, 78] and Mach-
Zehnder interferometers [79] have been reported. Transducers based on all optical
detections have also been developed based on polarization-dependent optical re-
flection sensing [80] and on photoacoustic remote sensing [61].
The main limitations on the detection side of PAM are due to the transducer
configuration and difficult integration and, as well due to increased absorption
with the frequency of the ultrasonic wave. A higher energy excitation source may
compensate for this additional absorption, allowing for the detection of higher fre-
quency acoustic waves to improve the lateral resolution.
2.2.4 Signal processing
FIGURE 2.4: Illustration of the different steps necessary for signal processing in
PAM to generate volumetric images from A-scans.
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In this thesis, piezoelectric detectors are used where the PA signal is obtained as
a function of time. To generate the corresponding A-scan, the envelope of the PA
signal is taken, then multiplied by the speed of sound vs to measure the actual scale
of the A-scan. The envelope is taken as the absolute values of the Hilbert transform
of the PA signal measured. By scanning laterally (x) the sample, a cross-sectional
image, B-scan, is generated. Figure 2.2 presents the definition of a A-scan and a B-
scan, while Fig. 2.4 shows the different stages towards creating volumetric images.
By scanning in the perpendicular direction (y), a three-dimensional image (x,y,z)
is obtained. Maximum amplitude projection (MAP) images are often presented in
PAM and corresponds to the projection of the maximum value of the A-scan for
each lateral position of the sample (x,y).
FIGURE 2.5: Example of PA signal / A-scan of a simple two-layer sample. The
inset shows the schematic of the sample, in green.
FIGURE 2.6: Example of PA signal / A-scan of a simple one-layer sample cor-
responding to two consecutive A-scans. The inset shows the schematic of the
sample, in green.
Chapter 2. Multimodal imaging: theory and motivations 19
To illustrate how to generate an A-scan, simple examples are considered. Fig-
ure 2.5 represents a hypothetical PA signal corresponding to a two-layer sample,
with two different absorption coefficients. Some "shadow" signals are observed,
corresponding to the transducer response and seen as additional peaks following
the main peaks. These "shadow" signals could be removed by using filters in the
data analysis. The A-scan is taken as the envelope of the PA signal. The registra-
tion of the PA signal is synchronised with the laser trigger. We consider the case
where an A-scan corresponds to one laser period, so the span between two A-scans
is the laser pulse repetition frequency (PRF). Each A-scan is generated by a single
laser pulse exciting the sample. Figure 2.6 represents two consecutive A-scans ob-
tained from a simple sample consisting of a single absorbing layer. The position of
the pulse within the A-scan at lateral position N, is always measured in compari-
son to the laser trigger. The delay between the laser trigger and the A-scan peak
is increasing between position N and N+1 by zN+1 − zN , since the sample is not
positioned perpendicular to the laser beam. The depth zero is an arbitrary value.
However, the scale in depth is known. To obtain distances from the A-scans, the
values measured in seconds are multiplied by the speed of sound in the tissue (vs).
2.2.5 Source parameters
In this section we will discuss the different requirements in terms of light source
for PAM. The main parameters to consider are: the spectrum, the pulse duration,
the pulse repetition frequency (PRF) and the energy.
Spectrum
FIGURE 2.7: Absorption coefficients of several main absorbers contained in hu-
man tissue [81–86].
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Figure 2.7 presents the absorption coefficients of several main absorbers contained
in human tissue. The most important requirement for the optical excitation spec-
trum is to cover the absorption spectra of targeted samples. Visible light is typically
used for blood and melanin imaging, and IR is used for lipids and collagen. Fur-
ther details are given in section 2.2.7.
Pulse duration
In PAM, a focused pulsed laser excites the zone of interest, and the resulting heat
gradient creates a pressure differential in the tissue which generates an acoustic
wave. Both thermal and stress confinement must be observed. The thermal con-
finement means that the thermal diffusion can be neglected while the stress con-
finement means that the volume expansion of the absorber can be neglected.
FIGURE 2.8: Influence of the desired spatial resolution Ld on the time scale for
heat dissipation of absorbed electro-magnetic energy by thermal conduction (τth)
and on the time for the created stress wave to traverse the heated region (τs).
To achieve confinement, the pulse duration of the optical excitation must be
shorter than the time scale for heat dissipation of absorbed electro-magnetic energy
by thermal conduction (τth) and shorter than the time for the created stress wave to








where, Ld is the desired spatial resolution, Dth the thermal diffusivity of the tissue
which is typically ∼ 0.15 mm2/s in soft tissue and vs the speed of sound in the
sample. With PAM, the typical axial resolution is about 20-150 µm which gives
τth ∼ 0.7-40 ms and τs ∼ 13-100 ns, according to Fig. 2.8. Thus, to achieve an
axial resolution better than 20 µm, one needs an excitation pulse of less than 13 ns
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duration. A pulse duration of 1-10 ns is commonly used to simultaneously achieve
thermal and stress confinement. The thermal expansion typically causes a pressure





where, β is the thermal coefficient of volume expansion expressed in K−1, κ the
isothermal compressibility in Pa−1 and∆T the temperature rise (typically fewmK).
We can assume that the ultrasonic pulse generated presents the same profile as
the optical pulse of the excitation laser. Therefore, the ultrasound frequency band-
width is approximately proportional to the inverse of the pulse duration (assuming
a Gaussian shaped pulse). To maximise the detection sensitivity, the optical exci-
tation pulse duration can be optimised in order to match the generated ultrasound
frequency range with the bandwidth of the detector [89–91].
PRF
The detected photoacoustic signal is an electrical pulse triggeredwith the excitation
beam PRF. Due to sound propagation, the detected pulse is delayed in comparison
to the excitation beam. This delay depends on how deep the absorber is in compar-
ison to an arbitrary fixed reference point, according to section 2.2.4. Therefore, to
avoid an overlap between PA signals corresponding to two consecutive excitation
pulses, the PRF needs to be carefully chosen in comparison to the imaging depth:
PRFmax = ∆z · vs, (2.8)
where, PRFmax is the maximum laser PRF that can be used for a total imaging
depth of ∆z, and vs is the speed of sound. For instance, an imaging range of 5 mm
corresponds to a maximum PRF of 300 kHz and an imaging range of 1 mm corre-
sponds to a maximum PRF of 1.5 MHz. Light sources with 1-10 ns pulse duration
are mainly based on Q-switched lasers and fibre lasers, and pulsate typically at a
few kHz PRF to up to tens of kHz. Using lower PRF increases the acquisition time
for a given volume investigated, which limits the possibility of performing in-vivo
imaging.
Energy and safety limit
The energy is limited by the maximum energy the sample can accept. The main
applications of PAM involve skin illumination to image the blood structure. There-
fore, we considered that the maximum energy required for PAM is determined by
the maximum permissible exposure (MPE) of skin.
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The American National Standards Institute sets the value for the MPE (ANSI
2000). For instance for skin, for a single pulse of few nanoseconds, the MPE values
are presented in Table 2.1 for different wavelengths. The original table extracted
from the International Standard IEC 60825-1:2007 is presented in Appendix D.
Wavelength range [nm] 400-700 700-1400 1400-1500
MPE [J/m2] 200 200 · C4 103
TABLE 2.1: Skin MPE values for a single pulse with a duration of 1 ns to 1 ms and
for different illumination wavelengths.
C4 is defined by C4 = 10
0.002(λ−700) with λ, the excitation wavelength (ex-
pressed in nm) between 700 nm and 1050 nm, C4 = 5 between 1050 nm and
1400 nm (Appendix D). When the sample is exposed to a train of pulses of total
duration T , the MPE values for one pulse in this train of pulses is given by (Ap-
pendix D):
MPE1/train = MPET · C5 (2.9)
where, MPET corresponds to the MPE value of a single pulse with a duration T
and, C5 = N
−1/4 with N the number of pulses contained in the train. The MPE
values presented in table 2.1 are valid for a pulse duration of 1 ns up to 1 ms.
FIGURE 2.9: MPE values for different excitation wavelengths and three beam di-
ameters for one laser pulse and for several pulses at the same position on sample.
The maximum energy that can be used to illuminate the skin depends on the
excitation wavelength, the beam size and the number (and duration) of pulses. For
the study here, let us consider a laser with a spectrum within the 500-1500 nm
spectral range, 1-10 ns pulse duration and several kHz PRF, following the require-
ments set in this section. Figure 2.9 presents different MPE values as a function of
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wavelengths. Different beam diameters are considered. At the focal position, the
excitation beam has a diameter of typically 5-10 µm. By considering that the focus
is situated at either 100 µm or 200 µm in depth in the sample, the beam diameter
at the surface of the skin is ∼ 20 µm or ∼ 30 µm. For a beam diameter of 30 µm,
the MPE values are presented for different number of pulses incident on the same
position of the sample (1, 5 and 10 pulses). In this thesis, PAM is performed by
scanning the excitation beam laterally over the sample. The study is also valid for
configurations where the sample is continuously translated. We consider here the
case of one laser pulse per A-scan. However, the beam is scanned laterally over the
sample at a certain speed with a specific number of A-scans per B-scan that covers a
given lateral size. Depending on these parameters, the same position on the sample
can be illuminated by a train of several pulses. For instance, having one laser pulse
per position on the sample for a beam diameter of 30 µm, corresponds to 100 A-
scans per B-scan with a lateral scanning of 3 mm. A 5 pulses train corresponds to
500 A-scan per B-scan with 3 mm scanning and a 10 pulses train to 500 A-scans per
B-scan with 1.5 mm scanning. Table 2.2 summarises the different configurations
used for this example. To respect the criteria used for the MPE values presented
in table 2.1, the total duration of a train of 10 pulses should not exceed 1 ms. This
is valid for a PRF larger than 10 kHz. In this thesis, we used a PRF of minimum
20 kHz, therefore the study is valid.
Configuration #1 #2 #3 #4 #5
Beam diameter [µm] 10 20 30 30 30
Number of A-scans per B-scan 100 100 100 500 500
Lateral scanning range [mm] 1 2 3 3 1.5
TABLE 2.2: Parameters considered to calculate the MPE values presented in
Fig. 2.9.
This study shows that nomore than 70-100 nJ is needed in the visible to perform
PAM. 40-60 nJ is typically reported at 532 nm [28, 62]. Most publications are only
reporting the laser fluence, in some cases, the equivalent energy can be calculated
and correspond to similar values [32, 34]. In the IR, slightly higher energies are
acceptable.
To conclude, PAM requires a light source with 1-10 ns pulse duration, tens of
kHz of PRF with a pulse energy of ideally 100 nJ in the visible. The laser spectrum
needs, in addition, to match the absorption curve of the absorber targeted (Fig. 2.7).
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2.2.6 Noise in PAM
In PAM, noise originates from: the thermal acoustic noise of the medium, the ther-
mal noise of the ultrasonic transducer, the electronic noise of the amplifiers used to
enhance the PA signal detected [89] and the optical excitation noise. These factors
influence the signal to noise ratio and the noise level of the images. The pulse-to-
pulse noise of the optical excitation is the main source of fluctuations of the ampli-
tude of the PA signal generated between different A-scans. For pulsed lasers, the





where, P is the power, std(P ) the standard deviation of the power and P the aver-






(xi − x)2, (2.11)
where, N is the number of data xi and x the average value for x.
Q-switched lasers, commonly used in PAM, present a RIN of typically few %.
The effect of the light source pulse-to-pulse fluctuations on images can be reduced
by using several excitation pulses at the same position and averaging the PA sig-
nals generated to create a single A-scan. However, this comes at the cost of a lower
imaging rate. Using a light source with similar pulse-to-pulse fluctuation but with
higher PRF allows for better imaging quality by averaging several pulses. For in-
stance, for an imaging range of 1 mm in depth, a PRF of up to 1.5 MHz can be used.
Using a PRF of 1.5 MHz instead of 15 kHz (typical value) reduces the laser RIN by a
factor of 10 =
√
1.5MHz/15kHz [92]. To reduce the noise in PAM images without
lowering the imaging rate, pulsed lasers with low RIN and high PRF are favoured.
2.2.7 Spectroscopic photoacoustic and multispectral photoacoustic mi-
croscopy
In its early conception, PAM was achieved using Nd:YAG Q-switched lasers at
1064 nm [57] or doubled in frequency to 532 nm [28, 30, 35, 54, 62] as the opti-
cal source. This type of laser is still the most common source used for PAM. Dye
lasers have been developed to use further wavelengths [55, 71, 93]. These fixed
single-wavelength lasers observed the requirements set in section 2.2.5: 1-10 ns
pulse duration, few kHz PRF and more than hundreds of nJ energy. Their central
wavelength is within the absorption spectra of blood. However, they do not offer
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any wavelength tuneability, which make such systems heavily reliant on sample
absorption at or near the laser wavelength. Depending on the absorber targeted,
one needs to use different lasers.
Human tissue is composed of different type of absorbers; these absorbers can
be differentiated and identified by their absorption curve, as shown in Fig. 2.7 pre-
sented in section 2.2.5. The concept of spectroscopic photoacoustic (sPA) and mul-
tispectral PAM (MPAM) are introduced here. sPA consists of performing PA at a
specific position on the sample by using several optical excitation spectral bands
or wavelengths. The amplitude of the PA signal at each wavelength is used to
reconstruct the absorption spectrum corresponding to the specific position on the
sample targeted. MPAM consists of performing PAM with different optical exci-
tation spectral bands or wavelengths, consecutively. Different absorbers such as
blood, melanin, lipids or collagen can be then differentiated due to their different
spectral absorption bands.
Current light sources
Currently, dual-spectral PAM is used to measure haemoglobin oxygen saturation
[56, 69, 72, 94]. To improve spectroscopic measurements and/or differentiate be-
tween different absorbers, the access tomultiple wavelengths is requested. To some
extent, multiple lasers can be used [62], however it makes the imaging systemmore
complicated, difficult to maintain aligned and difficult to implement in the clinic.
Optical parametric oscillators (OPOs) have been used [34, 52, 58, 79, 95–98]. How-
ever, their relatively low PRF (typically << 1 kHz) makes such a source not perti-
nent for in-vivo PAM because of the slow imaging rate induced. OPO are mainly
used for PAT, which requires a different configuration. In addition, such sources
are relatively bulky and expensive. Stimulated Raman scattering fibre lasers have
been recently developed [64, 65, 99–101]. They offer sufficient energy for PAMwith
more than hundreds of nJ per band, however their spectral bands are fixed by the
design of the source. They deliver a discrete limited number of wavelengths with
various uncontrollable bandwidths.
Supercontinuum sources
Supercontinuum (SC) sources in conjunction with optical band-pass filters pres-
ent a suitable alternative, of great interest for sPA and MPAM considering their
broadband wavelength range (typically from 475 nm to 2300 nm) and high PRF
(> 10 kHz) [1–3, 5, 36, 70, 72, 102–105]. In addition, such sources are sufficiently
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stable, reliable and terminate by a fibre that makes them easy to use. The mea-
surement of haemoglobin oxygen saturation is of great interest for many clini-
cal applications. SC sources show large potential in this area since SCs can offer
multiple wavelengths: SCs spectra extend over most absorption spectra, such as
haemoglobin (500-600 nm and 800-900 nm), melanin (visible and NIR), lipids and
collagen (infrared) (see Fig. 2.7). Figure 2.10 is adapted from Fig. 2.7 and gives a
close look at the absorption coefficient of those absorbers.
With a pulse duration of a few ns, these SC sources observe the thermal and
stress confinement required for PAM (section 2.2.5). With a PRF of tens of kHz,
fast imaging can be performed. SC sources are currently the only light sources that
can offer such a broadband spectrum for sPA and MPAM, especially in the visible
but as well as in the IR. However, while ideally 70-100 nJ is necessary for PAM
(section 2.2.5), previously reported SC sources for MPAM delivered too little pulse
energy to image biological samples. [70] reported on 7-33 nJ per 40 nm bandwidth
for wavelengths between 575 nm and 875 nm, [102] 8-20 nJ per 20 nm bandwidth
between 580 nm and 950 nm, [103] 2 nJ at 600 nm, and [36, 72] 0.6-1.8 nJ per 30-
50 nm bandwidth between 530 nm and 610 nm.
In this thesis, work on the developement of new SC sources designs to improve
the pulse energy over the broad spectrum is reported (chapter 4). We reported in
[1] (Appendix A.1) the first SC source respecting the ideal requirements for PAM,
according to section 2.2.5. More than 150 nJ per 10 nm bandwidth covering a wide
wavelength range extending from 500 nm to 1600 nm (up to 180 nJ at 600 nm) was
achieved. This work was followed by the development of the first all fibre-based
SC source that was used for sPAmeasurements and PAM-OCT ([2], Appendix A.2).
An energy of about 2 nJ per 15 nm bandwidth was reported for wavelengths be-
tween 530 nm and 800 nm. Shortly after publishing our results, E. Aytac-Kipergil et
al. [105] reported on a SC source offering slightly lower energies than in [1] but still
respecting the ideal requirements for PAM. They obtain 75-170 nJ per 10 nm band-
width between 680 nm and 830 nm and a total spectrum extending from 450 nm
to 1100 nm. Their concept is more complex than just a SC source, it combines a
SC with the second (532 nm) and third harmonic generation (355 nm) of the pump
at 1064 nm, involving free space alignment and non-linear processes. Finally, we
published in [3, 5] (Appendices A.3 and A.5) sPA, PAM and MPAMmeasurements
using a commercially available SC source (SuperK COMPACT, see Appendix B.2)
with 10-20 nJ per 15 nm bandwidth for wavelengths between 500 nm and 800 nm,
and 90 nJ per 50 nm bandwidth for central wavelengths above 600 nm. To the best
of my knowledge, this is the first time that sPA andMPAMwas reported using such
energies levels in the visible from SC sources. More recently, T. Buma et al. have
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published on using IR (∼ 1210 nm and ∼ 1720 nm) light sources based on Raman
scattering for MPAM of lipids [64, 65]. The SC source reported in [105] cannot be
used. Howerver, the SC sources developed and/or used in this thesis offer light
at the spectral absorption bands of lipids could be used for imaging of lipids (see
section 6.4).
According to section 2.2.5, 1-10 ns pulse duration and several kHz of PRF is
requested for PAM. An energy of 70-100 nJ is ideal, but 50 nJ is sufficient in the
visible. For MPAM, the same criteria are valid. To increase the energy delivered
at a specific central wavelength, for a given SC source, one can increase the filter
bandwidth. However, for sPA and MPAM, the maximum spectral band that can be
used is fixed by the application. To image lipids at 1210 nm or 1720 nm one can use
a bandwidth of 50 nm [64, 65] ; according to Fig. 2.10a up to 40 nm can be used (de-
pends on the lipids concentration). Similarly, according to Fig. 2.10a, a bandwidth
of 40 nm can be used to image collagen. However, a bandwidth of less than 30 nm
is required to separate lipids from collagen. To image melanin with PAM, one can
easily use a broad band in the NIR (700-1000 nm), see Fig. 2.10b. To recognise
melanin with MPAM, several excitation bands can be used with little limitation in
their width, restricting the bandwidth to less than 50 nm is reasonable. The main
limitations for the bandwidth are linked to blood oxygen saturationmeasurements.
The 500-600 nm spectral band is generally used, see Fig. 2.10c. Unfortunately, this
wavelength range corresponds to the part of the SC spectra presenting the lowest
energy density (chapters 3 and 4). A bandwidth of less than 20 nm is ideally wished
since it is the distance between two extrema of the haemoglobin absorption spec-
tra. However, using a bandwidth of less than 40-50 nm would already be of a great
improvement compared to current results [36, 70, 72].
FIGURE 2.10: Close look at some absorbers absorption coefficients.
Adapted from Fig. 2.7
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sPA and MPAM are relatively recent tools that allow imaging of tissue with an
additional contrast given by the absorbers contained in the sample. The develop-
ment of SC sources boosted the use of sPA and MPAM, in particular to quantify
blood oxygen saturation and to image lipids.
2.2.8 Conclusion
In this section, PAM principle was introduced to assist the understanding of the ex-
perimental chapters 5 and 6. PAM is an imaging modality based on tissue/sample
absorption. sPA and MPAM offer addition functional information such as blood
oxygen saturation or the possibility to differentiate within the same sample be-
tween different absorbers. Three-dimensional functional images can be recorded
in real time with an axial resolution typically below 100 µm and a lateral resolu-
tion as low as few µm. In terms of excitation light, according to section 2.2.5, PAM
typically requires 1-10 ns pulse duration with tens of kHz of PRF and an energy of
up to 70-100 nJ. Due to their broadband spectrum, the development of SC sources
allows new perspectives for sPA and MPAM.
2.3 Optical coherence tomography
In this section, OCT is introduced to support the understanding of the experimen-
tal results presented in chapter 5 and 6. OCT basic principle is described in sec-
tion 2.3.1. The OCT axial and lateral resolutions are presented in section 2.3.2. Sig-
nal detection is introduced in section 2.3.3. The signal generation and the signal
processing necessary to obtain OCT images are described in sections 2.3.1, 2.3.4
and 2.3.5, respectively. Since part of the work presented in this thesis (chapter 4)
relates to research on a SC source for OCT (and PAM) imaging, the different re-
quirements in terms of light source are presented in section 2.3.6. This section is
closely linked to section 2.3.7 where noise in OCT is introduced.
2.3.1 Principle
OCT is an imaging modality based on low coherence interferometry and on media
scattering that allows depth-resolved structure imaging of tissue. Cross-sectional
images are obtained by detecting the backscattered or backreflected light from a
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FIGURE 2.11: Terminology of A-scan, B-scan and en-face scanning.
sample. In biological tissue, Mie scattering is most prevalent, according to sec-
tion 2.1. Backscattered signal is detected and offers depth information (z), gener-
ated as an A-scan. By scanning laterally (x) the illumination beam on the sam-
ple, cross-sectional images (x,z), called B-scans, are obtained. By scanning the
beam in the perpendicular lateral direction (y), three-dimensional imaging (x,y,z)
is achieved. As in Fig. 2.2 for PAM, Fig. 2.11 presents the concept of A-scan and
B-scan for OCT, which are similar to PAM. Coordinate z expresses the depth direc-
tion, x the fast scanning direction and y the slow axis. An en-face image corresponds
to the imaging of a layer of scattering centres placed at a single depth z0. The sum
of all the en-face images over the sample depth is called a summed voxel projection.
Depending on the light source and the detection used, one can distinguish
between time-domain OCT (TD-OCT) and Fourier-domain OCT (FD-OCT) (also
called Spectral-domain).
FIGURE 2.12: Typical OCT system.
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Figure 2.12 represents a typical configuration of OCT based on a Michelson in-
terferometer, using a fibre-based coupler. A free-space beam splitter can be used
as well but fibre-based OCT systems are easier to implement. The light is split into
a reference arm and a sample arm. The light in the reference arm is reflected back
to the detector by a mirror, whereas the light from the sample arm is focused by
an objective on a small spot on the sample and scattered/reflected back. A two-
dimensional scanning system sweeps the beam laterally over the sample. The two
beams are combined back together to interfere, whose signals can then be detected.
In the case of a single reflector/scattering point in the sample arm, the total
electric field E and the total irradiance I can be expressed as [106]:




< E · E∗ > = IR + IS + 2
√
IRIS cos(∆φ), (2.13)







2 | ER |2 and IS = 12 | ES |2 are the intensity of the light coming
from the reference arm only and from the sample arm only, respectively. k is the
wavenumber, λ the wavelength, ω the optical frequency and OPD = 2(zS − zR)
the optical path difference between the two arms, where zR and zS represent the
optical lengths measured up to the reference mirror and up to the sample reflec-
tor/scattering point in the sample, respectively, these lengths are measured in re-
spect to a reference point common to the two arms. The reference point can be the
split point in the coupler when a fibre splitter is used or the point at the splitting
interface on the beamsplitter when bulk optics is used. The electric field of a single
reflector can be expressed as: EA =
s(k)√
2
· rA, A ∈ {R,S}where, S(k) =< | s(k) |2 >
represents the spectral shape and spectral power density of the light source and, rA
is the reflection coefficient of the reflector/scattering centre, where | rA |2 = RA is






RR + RS + 2
√
RRRS cos(2k(zS − zR))
)
, (2.16)
Interference is observed if: | OPD | < lc, the coherence length of the source.
Figure 2.13 represents the interference signal obtained with either a coherent or a
low coherent source. Constructive interference is observed when cos(∆φ) = 1
which corresponds to OPD = m/2 · λ with m an integer number. With coher-
ent sources, no depth information can be retrieved from the interference profile, as
shown in Fig. 2.13a. Thus, low coherent sources are used to recover the depth of
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the reflector placed in the sample arm. The OPD can be determined from Fig. 2.13b
with an axial resolution of lc. OCT is based on low coherence interferometry.
(a) (b)
FIGURE 2.13: Interference signals for (a) a coherent source and (b) a low coherent
source.
Time-domain OCT
In the early 1990’s, the first OCT systems used time-domain detection [17]. In TD-
OCT, a photodetector is used to detect the interference signal. Around OPD = 0,
constructive interference is observed. This means that for a fixed position of the
mirror in the reference arm zR, a single depth in the sample zS = zR, correspond-
ing to OPD = 0, is detected with an axial resolution of lc. By scanning the laser
laterally over the sample, an en-face image corresponding toOPD = 0 can be recon-
structed [18]. By translating axially the mirror in the reference arm, the condition
OPD = 0 is accomplished for a different depth in the sample and in this way, an
en-face image from inside the sample at a different depth zS′ is obtained. TD-OCT is
a relatively slow process since it requires mechanical translation of a mirror (or the
use of a delay line) in the reference arm in addition to the optical lateral scanning
of the sample to produce three-dimensional images. TD-OCT is however preferred
in high NA microscopy, as it is compatible with dynamic focus.
Fourier-domain OCT
After 2000, FD-OCT became the technique of choice due to replacement of the
mechanical axial scanning with a specific processing of the signal. Such a proce-
dure also leads to a tremendous increase in imaging speed in comparison to TD-
OCT [106–108]. Two different approaches have been developed for FD-OCT, called
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FIGURE 2.14: Sp-OCT typical setup.
swept source OCT (SS-OCT) and spectrometer-based OCT (Sp-OCT). For SS-OCT
the central wavelength of the source is swept over time with a PRF of typically tens
of kHz up to few MHz that sets the A-scan rate [109–116]. A photodetector as for
TD-OCT is used for the detection. SS-OCT is not performed in this thesis, only a
short introduction to a SS design based on SC is presented in section 6.2 of chap-
ter 6. In this thesis, especially in chapters 5 and 6, we focused on Sp-OCT. Sp-OCT
employs a broadband light source and a spectrometer as the detector, as shown in
Fig. 2.14. Imaging speed up to few hundreds of kHz can be reached [117–119].
2.3.2 Resolution
FIGURE 2.15: OCT in depth.
Figure 2.15 represents the operation of interface optics of the confocal microscope at
the core of any OCT system. The maximum penetration depth is limited mainly by
the sample/tissue absorption and scattering properties. The resolutions, the depth
of field and the A-scan length are defined in this section. The maximum imaging
range is defined in section 2.3.3.
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FIGURE 2.16: OCT axial resolution depending on the bandwidth of the system
and for different central wavelengths commonly used. The inset shows a close
look at sub-micron resolution. The axial resolution corresponding to the two Sp-
OCT systems used in chapter 5 are introduced (× and ×).
In TD-OCT and FD-OCT, the theoretical axial resolution is defined as the coher-
ence length of the light source lc, and calculated as follows, considering a Gaussian-
shaped spectrum [106, 111]:







where, λ0 is the source central wavelength and∆λ the full width at half maximum
(FWHM) of the system spectrum. 550 nm, 850 nm, 1050 nm and 1300 nm are the
main central wavelengths used in OCT. Figure 2.16 represents the axial resolution
δz as a function of the FWHM ∆λ for these four different central wavelengths λ0.
∆λ is often determined by the FWHM of the light source. However, in Sp-OCT,∆λ
can be limited by the spectrometer FWHM. Experimentally, the axial resolution is
measured as the FWHM of the A-scan peak obtained when a mirror is used in the
sample arm.
In order to achieve a better axial resolution one can use shorter wavelengths,
however the penetration depth in skin at visible wavelengths is reduced in com-
parison with the penetration depth at longer wavelengths. The absorption in tissue
is linked to equation 2.1 (section 2.1) and, the absorption coefficient of melanin,
main absorber in skin, increases for shorter wavelengths, according to Fig. 2.7. The
axial resolution is typically below 10 µm. Sub-micron axial resolution is achievable
by using a broadband light source and a spectrometer with a combined bandwidth
of a few hundreds of nm.
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By considering a spatial distribution of power in a Gaussian beam of intensity:





2 ln(2) w0, (2.18)
the lateral resolution, defined as the spot size of the optical focused beam, is ex-





where,NA is the numerical aperture of the objective used to focus the beam on the
sample. The lateral resolution is linked to the depth of field, also called the confocal
parameter, which is defined by [111]:
b = 2 · zR = 2 · π · w0
2
λ0
= 2 · λ0




where, zR is the Rayleigh length and w0 is the beam waist. The Rayleigh length is
the distance from the focus position (waist) along the propagation axis (z) where
the beam cross-section area has doubled. The lateral resolution is defined as the
FWHM of the beam. The lateral resolution can be as low as few µm when using
high NA objectives. However, the depth of field decreases with NA and a good
lateral resolution is achieved only within a very limited depth range.
2.3.3 Detection system
In TD-OCT and SS-OCT, a photodiode is used for the detection. Since only Sp-OCT
is used in the work presented in this thesis, this section concentrates on introducing
spectrometers that ensure the OCT detection.
Spectrometers in reflection or transmission can be used, in this thesis only trans-
mission gratings are used. Such a spectrometer consists of a collimation lens (or
mirror), a grating and a lens (or mirror) that focuses the beam on a line scan camera,
as shown in Fig. 2.17. The choice of components is highly dependent on the light
source spectrum and determines the bandwidth of the spectrometer. The number
of pixels and the width of the pixels on the line camera are fixed parameters. The
lenses L1 and L2 of respective focal lengths F1 and F2 are chosen to ensure that the
beam diameter matches the camera pixel size. Since the axial resolution of the sys-
tem is determined by the bandwidth of the detected light, the choice of the grating
period (lines/mm) is important to match the spectrometer bandwidth with that of
the light source. Typically 50-200 nm of bandwidth is achieved.
The grating equation can be expressed as:
mλ = a · (sin(θi)− sin(θm)), (2.21)
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FIGURE 2.17: Sketch of a spectrometer in transmission.
where,m is the order of diffraction, a the grating pitch, θi the angle of incidence and
θm the angle of the maxima. The first order diffracted light is used here (m = 1),
as illustrated in Fig. 2.17. The position of the beam on the line scan camera is given
by:
d = F2 · tan(θm − θ⊥), (2.22)
In Sp-OCT, the spectrometer determines the system maximum imaging depth,
corresponding to the A-scan length defined by:




where,N is the number of pixels illuminated. The Nyquist theorem gives the maxi-
mum time delay detectable in the channelled spectra: ∆T = 12·∆f with,∆f = c· δλλ02 .
δλ = ∆λN is the spectrometer (camera) wavelength sampling rate [120, 121]. For in-
stance, in section 5.1.3 of chapter 5, the following parameters are used, N = 800,
λ0 = 1300 nm and δλ = 83nm, which give a maximum A-scan length of 8 mm.
Increasing the bandwidth of the spectrometer, considering that the light source
is broader, improves the axial resolution at the cost of a smaller imaging range.
2.3.4 Fourier-domain-OCT
Unlike TD-OCT, in FD-OCT, all depths are imaged at once. A sample can be con-
sidered as a sum of multiple layers, each presenting a specific reflectance. By gen-
eralising equations 2.12 and 2.16, the electric field E and the irradiance I incident
on the spectrometer can be expressed as:
E = ER · e−i(2kzR−ωt) +
∑
n
ESn · e−i(2kzSn−ωt), (2.24)



























RSnRSmcos(2k(zSm − zSn)), (2.25c)
(a) (b)
FIGURE 2.18: (a) Total channelled spectrum I(k) given by equation 2.25, as mea-
sured by a spectrometer, for a sample containing two reflectors as explained in the
text and, (b) different terms of the channelled spectrum.
In FD-OCT, the signal detected (channelled spectrum) amplitude is propor-
tional to the irradiance I of the interference defined by equation 2.25. S(k) rep-
resents the spectral shape of the light source. In SS-OCT, the channelled spec-
tra are registered in time since the wavelength of the source is temporally swept.
In Sp-OCT, the channelled spectra are registered by a spectrometer. We consider
the example of a Gaussian-shaped spectrum and a sample containing only two
backscattering centres situated at different depths. Table 2.3 presents the different
parameters used in this example. Figure 2.18a represents the channelled spectrum
corresponding to a fixed lateral position on the sample. Figure 2.18b represents
the decomposition of the channelled spectrum into the different terms expressed in
equation 2.25 for n ∈ {1, 2}. The "DC term" corresponds to the term 2.25a, which
is the contribution of the reference arm only (sample arm blocked) plus the sample
arm only (reference arm blocked). The "cross-correlation terms" (2.25b) denote the
cosine of spectral interference between each layer with the signal reflected from the
reference arm. They represent two channelled spectra, each obtained with a sin-
gle mirror placed at either z1 or z2. The larger the OPD, the higher the modulation
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frequency, proportional to | zSn−zR |. Finally, the auto-correlation term (2.25c) con-
tains channelled spectra due to multiple interference terms between signals from
the sample arm only. The signal processing of Sp-OCT is presented in the following
section.
Sample layer n # 1 #2
zn [mm] 0.05 0.2
RSn 0.7 0.5
TABLE 2.3: Parameters used for Fig. 2.18. and RR = 1.
2.3.5 Signal processing in FD-OCT
In chapters 5 and 6, two different signal processing methods are used. For the work
performed at Northwestern University, using the setup described in section 5.1.2,
the most common signal processing method was used, based on fast Fourier trans-
form (FFT). The Applied Optics Group at the University of Kent invented a differ-
ent method, called complex Master-Slave Inferferometry (CMSI) [122]. Thus, this
methodwas used for the work performed at the University of Kent, using the setup
presented in section 5.1.3.
FFT-based
In FD-OCT, the channelled spectra are detected in the Fourier domain. By applying
an inverse Fourier transform or Fourier transform (FT) (equivalent), the irradiance
as a function of depth (z = OPD/2) can be extracted. The following equation



























RSnRSm · (σ(z − 2(zSn − zSm)) + σ(z + 2(zSn − zSm))) ,
(2.26c)
where, σ(z) = FT (S)(z). To obtain equation 2.26, the definition of the Fourier





and the convolution property of the Fourier transform is used:
FT (f · g)(z) = FT (f)(z) ∗ FT (g)(z), (2.28)
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(δ(z − a) + δ(z + a)) , (2.29)
where, δ is a Dirac function, δ(z − a) =∞ if z = a else it is equal to zero.
(a) (b)
FIGURE 2.19: In FD-OCT, example of (a) the FT of the channelled spectrum of
Fig. 2.18a and (b) the corresponding A-scan.
Figure 2.19a represents the FT of the channelled spectrum of Fig. 2.18a. The
"DC term" (equation 2.26a) is always centred at z = 0 for a Gaussian spectral pro-
file, corresponding to OPD = 0. The "cross-correlation terms" (equation 2.26b) for
z > 0 presents the main information about the sample (Fig. 2.11). The terms at
z < 0 are called mirror-terms. The "auto-correlation terms" (equation 2.26c) present
low amplitude and are situated close to z = 0. It is not obvious for the example
chosen here. Experimentally, by considering a sample of 0.5 mm thickness, the
"auto-correlation terms" are present at z < 1 mm (equation 2.26c). Therefore, by
placing the sample further away from z = 1 mm, the "auto-correlation terms" are
less manifested within the axial range of interest and may be filtered away to ob-
tain a clear A-scan. Figure 2.19b represents the A-scan corresponding to the FT in
Fig. 2.19a. In this example the sample consists of two discrete reflectors, where the
width of the "cross-correlation terms" is given by the width of the function σ(z),
which is the axial resolution δz = lc.
In practice, to apply a Fourier transform on the channelled spectra, several pre-
liminary steps are necessary, as shown in Fig. 2.20.
In FD-OCT the channelled spectra are not measured as a function of k but as a
function of time in SS-OCT and as a function of spectrometer pixels or wavelength
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FIGURE 2.20: Illustration of the different steps necessary for FFT-based signal pro-
cessing in FD-OCT to generate an A-scan.
in Sp-OCT. The first step, called re-sampling, consists of transforming the chan-
nelled spectra measured into a function linear in k = 2π/λ. In Sp-OCT, the spectra
measured from the spectrometer are not a linear function of k, according to equa-
tions 2.21 and 2.22. Therefore, a precalibration step (1) of the SS in SS-OCT and of
the spectrometer in Sp-OCT is necessary. Then, after detection, the re-sampling of
each channelled spectrum is performed (3). The consequence of a poor re-sampling
is an increase of the axial resolution for larger OPDs [43]. By considering a perfect
reflector such as a mirror as the sample, the width of the A-scan peak generated is
increasing with the OPD.
The analysis carried out above assumed that no dispersion is introduced in the
interferometer. However, the fibre-based coupler, the optics such as lenses (glass)
introduces a mismatch of dispersion between the reference arm and the sample
arm. Thus the propagation constant can not be approximated by β(ω) = k/2 = π/λ.
The second derivative of β(ω) needs to be considered, if different between the two
arms, a group velocity dispersion (GVD) is introduced. Dispersion left uncompen-
sated leads to an enlargement of the A-scan and reduction of their amplitude [123].
Therefore, the axial resolution, the signal-to-noise ratio and the contrast will suf-
fer. The decay of the A-scan amplitude over depth can be expressed as the roll-off
and measured as the decay of the A-scan amplitude when a mirror is placed in
the sample arm, expressed in dB/mm [124]. Dispersion compensation software (4)
has been developed. However, common methods to compensate for unbalanced
dispersion are based on hardware (2) [124–127]. The same optical components can
be used in both arms of the interferometers and/or glass, of a certain thickness, is
usually introduced in the reference arm to match the thickness of glass present in
the sample arm.
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FIGURE 2.21: Illustration of the different steps necessary for FFT-based signal pro-
cessing in FD-OCT to generate volumetric images from A-scans.
To summarise, when performing FD-OCT, to ensure good axial resolution in
depth, the dispersion needs to be compensated either in hardware with the design
of the system of by software during the processing of the channelled spectra. In ad-
dition, a re-sampling of the channelled spectrum is performed; it requires a precal-
ibration of the setup. After these two important steps, a FFT is applied. An A-scan
(z) is then generated (Fig. 2.11 and 2.21) and contains the scattering information in
depth at a lateral position of the sample. To construct a cross-sectional image (x,z),
the fast axis scanner sweeps the beam laterally, along the x-direction, over the sam-
ple with a typical rate of hundreds of Hz (duration of a linear scan). 100-1000 single
A-scans are typically collected and juxtaposed to create a B-scan (Fig. 2.11 and 2.21).
The slow axis scanner scans the beam over the sample in the perpendicular direc-
tion, along the y-axis. This enables acquisition of several B-scans, that subsequently
will permit reconstruction of three-dimensional images (x,y,z) (Fig. 2.21). Depend-
ing on the size of the area scanned and the scanning speed, the total scanning time
is typically a fraction of second to several seconds. To create an en-face image (x,y)
(Fig. 2.11 and 2.21) the total OCT volume needs to be processed and then the infor-
mation corresponding to a specific depth is mapped together for all lateral pixels
into an image. The different steps towards creating an A-scan and then towards
creating volumetric OCT images are represented in Fig. 2.20 and 2.21.
CMSI
A signal processing method called complex Master-Slave Interferometry (CMSI)
was developed at the University of Kent [122, 128, 129]. The goal was to create a
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method that leads to en-face images direct, like in TD-OCT, but using spectral do-
main principles. Themethodwas also driven by the need to simplify the signal pro-
cessing by reducing the number of steps necessary. No dispersion compensation in
hardware or software are necessary to balance the dispersion between the reference
and the sample arm [130]. The main mathematical operation (FT) requested to gen-
erate an A-scan from the channelled spectrum is replaced by a correlation operator.
FIGURE 2.22: Illustration of the different steps necessary for CMSI signal process-
ing in FD-OCT to generate an A-scan.
Figure 2.22 represents the different steps necessary to generate an A-scan. CMSI
consists of two main steps/stages: Master and Slave. During the Master stage, a
collection of a few masks is registered by placing a mirror in the sample arm, no
lateral scanning is involved in this stage. Channelled spectra are collected at three
different OPDs, equally separated. These channelled spectra are called "experimen-
tal masks". From these experimental masks a set of Q theoretically inferred masks
are generated, for any number of depths necessary to cover the entire axial range
targeted. Q should be at least the axial range divided by the axial resolution. In
this case, the Q theoretical masks form an orthogonal basis. Q is typically 512. Each
mask in the set is encoded with the modulation chirp of the channelled spectra
at different OPDs due to the nonlinearity of the spectrum reading combined with
the unbalanced dispersion in the interferometer. In the second stage, Slave, the
mirror in the sample arm is replaced by the sample. OCT is performed, channelled
spectra are collected. The Slave stage consists of performing a correlation operation
between each channelled spectrum collected and the Qmasks created at the Master
stage. An A-scan is then generated by putting together all calculation results, for
all depths in the sample. The phase can be retrieved as well since complex values
are used. The best axial resolution achievable by the system is achieved over the
entire A-scan range. No re-sampling and no dispersion compensation (hardware
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FIGURE 2.23: Illustration of the different steps necessary for CMSI signal process-
ing in FD-OCT to generate volumetric images from A-scans.
and software) are necessary. The Master stage is performed only once as long as
the system has not been modified. Figure 2.23 represents the different steps neces-
sary to create volumetric images from A-scans. The same "path" as with FFT-based
signal processing can be used (Fig. 2.21), however to generate en-face images, it is
not required to process the entire volume of data. The correlation operation can be
applied only between the channelled spectra and the mask corresponding to the
specific depth desired for the en-face image. This operation can be performed in
parallel for several depths.
Thanks to the work achieved by A. Bradu andM. J. Marques [131], a CMSI-base
software was used for the OCT processing corresponding to the use of the setup
described in section 5.1.3.
2.3.6 Source parameters
In Sp-OCT reports, two light sources have been typically used. Superluminescent
diodes (SLD), that continuously emit light, are relatively cost-effective and compact
however their spectrum is at best of ∼ 100 nm (by combining spectra from several
diodes). Supercontinuum sources (SC) have shown great advantages in this re-
spect, since they offer a broad spectrum extending from 475 nm to 2300 nm. In this
case, the axial resolution of the OCT system is mainly limited by the spectrometer
bandwidth. SCs enable ultra-high resolution [46], as well as a broader choice of
wavelengths, covering the visible [31, 38–42] where SLD offers poor specifications.
In comparison to PAM, light sources for OCT demand different characteristics.
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Spectrum
In Sp-OCT, the axial resolution is inversely proportional to the FWHM of the sys-
tem spectum, according to section 2.3.2 (equation 2.17). This bandwidth corre-
sponds to the overlap between the light source spectrum and the spectrometer
bandwidth. To achieve better axial resolution than 15 µm in the IR and better than
7 µm in the NIR, a FWHM of the spectrum wider than 50 nm is needed (Fig. 2.16).
PRF
In Sp-OCT, to allow fast imaging rates, the camera integration time should be
less than several µs. During this time interval, the amplitude of the interference
strength is averaged by the spectrometer to create a channelled spectrum. An A-
scan can then be generated by either applying a FT or using the parallel processing
block with the CMSI method. Thus, to reduce the noise in the OCT A-scans, contin-
uous (temporally) light with low power fluctuation would be ideal. However, SC
sources fall in the pulsed light category of optical sources, therefore as many emit-
ted SC pulses as possible are needed within one integration time of the camera,
according to section 2.3.7. SC sources with large PRF are used for OCT such as the
SuperK EXTREME or SuperK OCT from NKT Photonics with 80 MHz or 320 MHz
PRF. At such high repetition rate, approximately 102 − 104 pulses are integrated
within an integration time to reduce the noise. Nevertheless, using a source with
a slower PRF is possible at the cost of higher noise and/or slower imaging. The
integration time needs to be of a given number of pulsed laser periods (1/PRF). A
light source with a PRF of several kHz would be acceptable for OCT.
Power
In OCT, the average power measured in the sample arm is usually stated in articles
as the reference for comparison to the maximum permissible exposure (MPE). The
main OCT applications are related to eye imaging (retina). However, for this the-
sis, OCT was used in combination to PAM, and the main applications are related
to skin imaging. Therefore, we focused here on MPE values for skin imaging. This
section is using the results presented in section 2.2.5 about the energy requested for
PAM and MPE values. The MPE values are expressed as a function of pulse dura-
tion (or exposure duration) and wavelength, as shown in table 2.1 (section 2.2.5).
For the study presented in section 2.2.5, a laser with a pulse duration of 1-10 ns
was considered. Different beam diameters, B-scan scanning range and number of
A-scans per B-scan were considered. When considering a train of pulses, the in-
dividual pulse duration is not taken into consideration, only the total duration of
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the train of pulse (section 2.2.5 and Appendix D). For OCT applications, the MPE
values in watts can be deducted from Fig. 2.9 by multiplying the MPE values ex-
pressed in joules by the laser PRF. In this thesis the minimum PRF used is 20 kHz.
To generalise our example from section 2.2.5 to OCT, fixing the PRF to 20 kHz
means that the integration time of the camera should be set to 1/20 kHz=50 µs
(1 pulse per A-scan). The example can be extended to laser with a higher PRF. We
fix the integration time to 50 µs, whichmeans that the number of pulses per integra-
tion time will increase with the PRF. A train of pulses that containsN = PRF ·50 µs
pulses will be used for each A-scan. Table 2.4 presents the different configurations
considered.
Configuration #1 #2 #3
Beam diameter [µm] 10 20 30
Number of A-scans per B-scan 100 100 100
Lateral scanning range [mm] 1 2 3
Duration of the train of pulses [µs] 50 50 50
TABLE 2.4: Parameters considered to calculate the MPE values presented in
Fig. 2.24.
Figure 2.24 represents the MPE values obtained for configurations #1, #2 and
#3. For each configuration the MPE values are presented for different PRFs, which
correspond to a different number of pulses per train (per integration time): 20 kHz
(1 pulse), 500 kHz (25 pulses), 10 MHz (500 pulses) and 320 MHz (16000 pulses).
For each PRF value, the MPE values correspond to the maximum average power
allowed for the laser following:
MPEPRF (W ) = MPE20 kHz(J) · PRF · C5 (2.30)
where, MPE20 kHz(J) corresponds to the MPE value of a single pulse, so corre-
sponding to a PRF of 20 kHz and, C5 = N
−1/4 with N the number of pulses
contained in the train. In any case, the MPE cannot exceed the MPE value corre-
sponding to one pulse alone (this was not the case in this study).
It can be observed in Fig. 2.24 that the MPE can reach relatively high power,
hundreds of mW up to tens of Watts. A PRF of 320 MHz (16000 pulses) corre-
sponds to using the SuperK OCT (NKT Photonics) as the light source. This SC
source is commonly used for Sp-OCT and it is quite obvious that using 100 mW is
way too much power. Therefore the procedure and the MPE values offered by the
ANSI standards are not correct for such a situation. It is actually specified next to
the table giving the MPE values that "There is only limited evidence about effects
for exposures of less than 10−9 s. TheMPEs for these exposure durations have been
derived by maintaining the irradiance applied at 10−9 s."
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FIGURE 2.24: MPE values for different excitation wavelengths and three beam
diameters for different laser PRFs, with an integration time of 50 µs.
FIGURE 2.25: MPE values for different excitation wavelengths and three beam di-
ameters for one laser pulse and for several pulses at the same position on sample.
Figure 2.25 represents the MPE values from Fig. 2.9 expressed in mW for a PRF
of 20 kHz. This corresponds to the experimental configurations presented in this
thesis (20 kHz or 25 kHz were used). These values correspond to what is typically
stated in the literature with less than 1 mW used in the visible [39, 40], 2-5 mW in
the NIR [2, 29, 37, 40] and up to 10 mW in the IR [3, 5, 51].
To conclude, Sp-OCT requires a light source with more than few kHz of PRF,
ideally several MHz or continuous and, with an average power of few mW within
the bandwidth of interest, that is typically of tens of nanometres up to few hun-
dreds of nanometres.
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2.3.7 Noise in OCT
The main sources of noise in OCT originate from shot noise, excess photon noise
and thermal noise. We present in this section the influence of the light source pulse-
to-pulse noise and PRF on A-scans amplitude fluctuations [132]. The terms of sen-
sitivity and signal-to-noise ratio are often used to describe the minimum detectable
reflected signal with OCT and the images contrast. The same definitions as in sec-
tion 2.2.6, that presented the noise in PAM, are valid in this section. The A-scan
signal to noise ratio will be directly influenced by the light source RIN.
By considering a fixed camera integration time τ and a light source with a spe-
cific PRF, P = τ · PRF pulses illuminate the spectrometer per integration time.
By increasing the PRF by a factor of N , PN pulses are now illuminating the spec-
trometer during each integration time, so for each A-scan. Therefore, the stan-
dard deviation of the A-scan amplitude and thus its RIN are reduced by a factor
of
√
N , according to section 2.2.6 and [92]. For instance, the use of a SC source
with a PRF of 320 MHz (SuperK OCT, NKT Photonics) offers an A-scan RIN 125 =√
320MHz/20kHz times lower than by using the SuperK COMPACT (NKT Pho-
tonics) that present a PRF of 20 kHz maximum (Appendix B.2), assuming that both
deliver the same RIN [51, 66].
2.3.8 Conclusion
In this section, OCT principles of operation are reviewed to help with the under-
standing of the experimental chapters 5 and 6. OCT is a real-time depth-resolved
imaging modality based on scattering. It gives structural information of tissue in
three-dimensions with high resolution, typically better than 10-15 µm of axial and
lateral resolutions. According to section 2.3.6, in Sp-OCT, a spectrally broad light
source with more than 50-100 nm of bandwidth is needed to achieve high axial res-
olution. Few mW of average power are typically used for illuminating biological
samples. Using continuous or pulsed sources with several MHz of PRF improves
the noise properties in the OCT images. The development of such SC sources al-
lows new perspectives for Sp-OCT.
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2.4 Multimodality
Combining multiple modalities is of a great interest to obtain more information
about a sample. PAM and OCT have already been combined for diverse applica-
tions in the past, since they offer complementary information [26–37]. They are re-
spectively based on tissue absorption and scattering. For both modalities the light
source beam is focused and scanned over the sample, which make such systems
compatible and relatively easy to combine in a single setup. An alternative is to
translate the sample instead of scanning the beam. In addition, these two imaging
modalities are compatible in terms of resolution and penetration/imaging depth.
As shown in Fig 2.26, OCT and PAM are the closest imaging modalities that are
compatible for those parameters and that as well offer complementary information.
FIGURE 2.26: Representation of the resolution and imaging depth achievable for
diverse common imaging techniques. Adapted from [106].
However, in most cases PAM and OCT are used with separate light sources be-
cause of their different requirements. That makes such a system more expensive
and more difficult to integrate. Spectroscopic photoacoustic (sPA), PAM and mul-
tispectral PAM (MPAM) need a pulsed light with 1-10 ns pulse duration and kHz
PRF with ideally multiple spectral bands, see details in sections 2.2.5 and 2.2.7.
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OCT requires a fast broadband source, as discussed in section 2.3.6. The only light
sources that can be jointly used for these two modalities are SC sources. Using SC
sources with ns pulse duration and kHz PRF satisfy the needs for sPA, PAM and
MPAM, with the condition to deliver sufficient energy; while for OCT, this source is
usable at the cost of the imaging speed and/or increased noise properties (because
of the kHz PRF). To the best of my knowledge, only six papers have been published
on using a single source for both PAM and OCT. The first paper was published in
2012 [35], using a dye laser with a central wavelength of 580 nm and 20 nm band-
width. The OCT images were of poor quality due to large noise. The work was
followed in 2015 [37] by the use of a Ti:sapphire laser with a central wavelength
of 800 nm and 30 nm bandwidth. Such sources present narrow bandwidths that
limit the achievable OCT axial resolution. In 2013, the first paper reporting on us-
ing a single SC source for PAM and OCT was published [36]. NIR light centred at
∼ 800 nm was used. In these three papers [35–37], the main limitations were: poor
image quality, poor OCT axial resolution, and limited accessible wavelengths for
PAM: either 580 nm or 800 nm. The work presented in this thesis and published
[2, 3, 5] (Appendices A.2, A.3 and A.5) proves the possibility of improved OCT-
PAM imaging using a single light source. In these reports, each imaging modality
used a different spectral band. OCT uses NIR or IR light to achieve better axial
resolution and deeper penetration depth. PAM uses visible light, where blood and
melanin present strong absorption. In addition, different spectral bands are avail-
able to perform sPA and MPAM in the visible, to evaluate blood oxygen saturation






Understanding the principle of supercontinuum generation (SCG) is essential in
explaining the motivation of the thesis and of the experimental work performed,
presented in chapter 4. The focus is on developing a supercontinuum (SC) source
suitable for multimodal imaging and particularly for spectroscopic photoacoustic
(sPA), multispectral photoacoustic microscopy (MPAM) and that can be used as
well for optical coherence tomography (OCT).
3.1 Theory and background
A SC source provides a broadband light generated inside a highly nonlinear guid-
ing medium from a high intensity narrow band source (the pump). The develop-
ment of photonic crystal fibres (PCF) in the late 1990s offered new opportunities for
SCs. A great variety of SC sources have been developed by using different pump
lasers and nonlinear media. In this thesis, we used the most common SC configu-
ration consisting of a ∼ 1064 nm pulsed pump and a small core (few µm) PCF as
the nonlinear guiding medium [133]. A typical bandwidth extending from 500 nm
to 2400 nm is obtained. Over the past years, research has focused on developing SC
sources that extend towards either longer or shorter wavelengths. Mid-IR SC have
been developed using different materials [134–138]. To generate a blue-enhanced
SC [139, 140], cascaded fibres [139, 141] and tapered PCFs have been used [141–148].
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3.1.1 Supercontinuum generation principle
(a) Solitons generation. (b) Solitons collisions. (c) Raman scattering.
(d) Dispersive wave genera-
tion.
(e) Dispersive wave FWM. (f) Dispersive wave and soli-
tons FWM.
(g) Soliton trapping.
FIGURE 3.1: Supercontinuum generation main processes.
The generation of a SC spectrum is driven by the combination of different nonlin-
ear effects [133, 149, 150] and is linked to the nonlinear fibre properties, such as its
dispersion profile and its zero dispersion wavelength (ZDW).




where, β2 is the group velocity dispersion parameter that corresponds to the sec-
ond derivative of the propagation constant β(ω) with ω = 2picλ the radial optical






One can distinguish two different regimes of SC generation depending on the
pump pulse duration (fs and ps-ns). For PAM, pulses of typically 1-10 ns duration
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and kHz pulse repetition frequency (PRF) are used (section 2.2.5), it is considered
as a long pulses regime. This corresponds to the same regime as the SuperK COM-
PACT from NKT Photonics that presents a pump pulse duration of ∼ 1.8 ns (2.6 ns
for the SC) and a PRF of up to 20 kHz (datasheet in Appendix B.2).
In the nanosecond regime, the process begins with modulation instability of the
pump in the anomalous dispersion region of the nonlinear fibre (positive disper-
sion). The main SC generation (SCG) processes are illustrated in Fig. 3.1 in per-
spective to the fibre dispersion profile. The modulation instability of the pump






where, γ is the fibre nonlinear parameter (described in section 3.1.3), P0 the pump
peak power and, β2(ω) the group velocity dispersion parameter (defined in equa-
tion 3.2).
The pump pulse can then break up into a train of N fundamental solitons with
a shifted wavelength and a temporally short pulse of duration shorter than the pe-
riod between them, ∼ TMI (Fig. 3.1a). The number of solitons generated is ideally






where LNL = 1/(γP0) is the nonlinear length and LD = T0
2/|β2| the dispersion
length, that provide the length scales over which nonlinear and dispersive effects
become important, respectively. T0 is the pump pulse duration.
When there is a temporal overlap between a soliton and the pump or another
soliton, (i.e. soliton collisions, see Fig. 3.1b) energy is transferred to the red-shifted





tons are generated in the anomalous dispersion region, where longer wavelengths
solitons have slower propagation speed, soliton collision is enhanced.
Another important nonlinear effect that allows efficient spectral expansion to
longer wavelengths is Raman scattering (Fig. 3.1c). The Raman shift is given by the
fibre medium, for instance in silica the shift is 13.2 THz.
For solitons temporally short enough (< 1 ps), Raman scattering occurs within
the wide soliton spectra. A continuous transfer of energy from the shorter wave-
lengths to the longer wavelengths within the soliton is observed, it is called soliton
self-frequency shift. This phenomenon is enhanced by soliton collisions that create
shorter pulses which in turn have broader spectra.
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Solitons, that are spectrally broad enough to overlap with both the normal and
anomalous dispersive regions (negative and positive dispersions), generate disper-







Spectra expansion toward shorter wavelengths is governed by dispersive wave
generation (Fig. 3.1d), and by four-wave mixing processes (FWM). FWM can oc-
cur either between two dispersive waves (Fig. 3.1e), or between a dispersive wave
and a soliton (Fig. 3.1f).
Soliton trapping of dispersive waves induces further blue shifting (Fig. 3.1g). In
the case of maintained group velocity matching between a red-shifted soliton and
a dispersive wave, the soliton shift to longer wavelengths will force a shift of the
corresponding dispersive wave through cross-phase modulation to shorter wave-
lengths.
All these effects concur into creating a broadband spectrum. As the effects are
strongly affected by nonlinearity and dispersion, the SCG is highly dependent on
the nonlinear fibre design.
3.1.2 Photonic crystal fibres design
A small core fibre is required to generate strong nonlinear effect for efficient SCG.
One can use step-index fibres, Fig. 3.2 illustrates their profile. The properties of a
step index fibre can be adjusted only by changing the core and cladding material
and the core diameter, limited tuneability is available.
FIGURE 3.2: Left: step index fibre cross section profile with its refractive index
profile. Right: longitudinal profile with simplified ray tracing through the fibre.
Core diameter indicated by the blue arrows (→←).
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FIGURE 3.3: SC-5.0-1040 PCF cross section taken with a digital reflective micro-
scope with a magnification of 10 and an objective ×100. Core diameter indicated
by the blue arrows (→←).
FIGURE 3.4: Left: SC-5.0-1040 PCF cross section profile with its refractive index
profile. Right: longitudinal profile with simplified ray tracing through the PCF.
Core diameter indicated by the blue arrows (→←).
Figure 3.3 presents the cross section of the most common PCF developed and
commercialised by NKT Photonics which is used to generate SCs, SC-5.0-1040. The
fibre is made of fused silica (nsilica ∼ 1.458) only. The blue arrows indicate the core.
Due to the microstructure consisting of air holes surrounding the PCF guiding core,
the PCF properties can be finely tuned. PCFs allow for small core diameters, deter-
mined by: 2Λ − d, where Λ is the hole-to-hole pitch of the PCF and d the air holes
diameter. The SC-5.0-1040 PCF presents a relative hole diameter d/Λ of 0.52 and a
pitch Λ of 3.3 µm which gives a core diameter of ∼ 5 µm. Figure 3.4 represents the
refractive index profile of the PCF and its longitudinal profile. The air holes create
an effective refractive index (neff ) lower than the core refractive index (nsilica).
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FIGURE 3.5: Beam after propagating through hundreds of meters of SC-5.0-1040
PCF (near-field image). Mode field diameter indicated by the white arrows.
PCFs offer good beam quality, as observed in Fig. 3.5 that represents a near-
field image for the SC-5.0-1040 PCF. The near-field image corresponds to the image
of the beam, at the end of a 1 m long PCF being illuminated by a laser with a central
wavelength of 1064 nm. A MFD of ∼ 4.3 µm is measured (wavelength dependent).
3.1.3 Photonic crystal fibres parameters
In this section different basic concepts are introduced, such as: fibre loss, fibre non-
linear parameter, fibre dispersion, fibre group velocity, SC spectrum blue and red
edges. The PCF SC-5.0-1040 and the SuperK COMPACT from NKT Photonics, that
uses this PCF for the SCG, (datasheets in Appendices B.1 and B.2) are taken as ex-
amples to illustrate the definitions.
Losses
The transmission of a fibre is given by:
Pout = Pin · e−αL, (3.5)
where, Pin is the power launched at the input of the fibre of length L and Pout the
transmitted power. α is the fibre attenuation, often expressed in dB/km. The atten-
uation of a SC-5.0-1040 PCF is presented in Fig. 3.6, where the losses are measured
on several hundreds of meters of fibre. The attenuation is of less than 3 dB/km at
1064 nm. Considering that 10-15 m of PCF are typically used to generate a SC (sec-
tion 3.1.4), this corresponds to a loss of 1 % which is negligible. As a comparison,
the coupling efficiency (free space coupling) is of typically 70 %.
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FIGURE 3.6: Attenuation of the SC-5.0-1040 PCF.
FIGURE 3.7: Spectrum of the SuperK COMPACT.
The strong attenuation in the visible originates from Rayleigh scattering due to
small density fluctuations in the fused silica that appear during the fibre manu-
facturing. The attenuation obeys to the 1/λ4 law, see section 2.1 (chapter 2). The
absorption peaks observed at ∼ 950 nm, ∼ 1250 nm and ∼ 1380 nm are due to hy-
droxy (OH) contamination of the fibre. Their amplitude can vary down to less than
5 dB/km at 1380 nm (Appendix B.1). OH is a substructure of the water molecule
that binds to silicon atoms contained in the silica fibre: Si-O-H [151]. Figure 3.7
represents the spectrum of the SuperK COMPACT (Appendix B.2). An absorption
at 1380 nm is observed. In the IR, the absorption of silica limits the expansion of
the spectrum to longer wavelength, where a cutoff at 2400 nm is typically observed.
Chapter 3. Supercontinuum generation: theory and limitations 56
Nonlinear parameter




c · Aeff , (3.6)
where, c is the speed of light, n2 the fibre nonlinear refractive index coefficient, ω0
the radial optical frequency of the pump, c the speed of light in vacuum, and Aeff
the fibre effective mode area that is linked to the fibre core diameter. Reducing
the fibre core and thus Aeff allows for an enhancement of γ. A fibre is consid-
ered as highly nonlinear when γ > 10 W−1/km. The SC-5.0-1040 PCF, for instance,
presents a γ of 11 W−1/km.
Dispersion
One important fibre parameter requiring special attention in the generation of a SC
is the fibre dispersion, which is given by the fibre design. The dispersion is defined
in equation 3.1, in section 3.1.1.
To achieve efficient nonlinear conversion, according to section 3.1.1, the pump
wavelength has to be slightly longer than the ZDW of the fibre to be in the anoma-
lous dispersion region (positive dispersion) [133]. Figure 3.8 represents the disper-
sion of the SC-5.0-1040 PCF. The SC-5.0-1040 PCF presents a ZDW of ∼ 1040 nm.
NKT Photonics uses pumps with a central wavelength of ∼ 1064 nm to generate
SCs, which is in the anomalous dispersion region.
FIGURE 3.8: SC-5.0-1040 PCF dispersion.
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Group velocity








where, ng is the group index that changes with wavelength and β1(ω) the first
derivative with respect to ω of the propagation constant β(ω). Figure 3.9 repre-
sents the group velocity of the SC-5.0-1040 PCF, normalised over the speed of light
in vacuum c.
The terms of blue and red edges can be defined as the shorter, and respectively
longer, wavelengths generated by the SCG. The longer wavelength corresponds
to the absorption of silica of which the PCF core is made (∼ 2400 nm, according
to Fig. 3.7). Because of soliton trapping (see Fig. 3.1g), the blue edge corresponds
to the wavelength that has the same group velocity as the red edge. This defini-
tion is valid only when the group velocity presents a single extremum. According
to Fig. 3.9, the blue edge of an ideal SC generated with the SC-5.0-1040 PCF is
∼ 478 nm. Therefore, a SC generated by this PCF can offer a spectrum covering a
broad range extending from 478 nm to 2400 nm, approximately. The SuperK COM-
PACT offers such a spectrum, according to Fig. 3.7.
FIGURE 3.9: Group velocity of the SC-5.0-1040 PCF.
PCFs allow for tuning of the parameters presented in this section to optimise
the SCG. Highly nonlinear fibres are necessary with dispersion and group veloc-
ity profiles adapted to the configuration wished. The ZDW is linked to the pump
wavelength used, and the group velocity to the blue edge targeted. A high pump
intensity is as well needed to generate the nonlinear effects and obtain the contin-
uum [133].
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3.1.4 Optimised SCG
In addition to the selection of the appropriate PCF design, one needs to adjust sev-
eral parameters such as the length of fibre necessary for an optimum SCG and the
pump parameters (wavelength and power).
The pump central wavelength is typically of 1064 nm, fixed by Nd:YAG lasers
that are commonly used to pump PCFs. PCFs are then designed to have a ZDW
slightly below 1064 nm. The length L of PCF necessary should respect: LD >>
L >> LNL. Many solitons are targeted to generate an optimum flat SC spectra.
With higher peak power, more solitons are generated with increased power and
energy. Therefore, a high peak power is requested. Simulations or trial would be
necessary to estimate the fibre length and the pump peak power necessary for a
specific configuration. A too short fibre or a too low pump peak power would re-
sult in a non-optimum SCG where the spectrum does not reach the red and blue
edges achievable by the fibre design. Losses are induced to the optimum spectrum
if a too long fibre is used, while too large peak power will damage the fibre.
The SuperK COMPACT (Appendix B.2) can be used as an example to illustrate
the different parameters introduced to generate an optimum SCG. The spectrum
of the source is presented in Fig. 3.7. The SuperK COMPACT uses the SC-5.0-1040
PCF, its loss, nonlinear parameter, dispersion and group velocity are introduced in
section 3.1.3. The pump presents a wavelength of 1064 nm with a pulse duration
of ∼ 1.8 ns and a peak power of ∼ 15 kW. By using the formula introduced in sec-
tion 3.1.1 and values presented in section 3.1.3, N ∼ 400000 solitons are generated
in the PCF, which is in accordance to the large number targeted for an optimum
SCG. Here, LD ∼ 1000000 km, LNL ∼ 6 mm. A PCF length of typically 10-15 m is
used, which observes this design criterion.
3.1.5 Influence of the fibre
To understand the influence of the PCF parameters, the example of two different
PCFs (SC-5.0-1040 and PCF-9) is presented here. Table 3.1 presents the different
characteristics of the geometry of those PCFs.
Figures 3.10 and 3.11 represent respectively, the dispersion and the group veloc-
ity normalised over the speed of light of both PCFs. By increasing the PCF core di-
ameter, the ZDW shifts towards longer wavelengths. For the PCF-9 PCF, the pump
wavelength is shorter than the PCF ZDW (normal dispersion region). Therefore,
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the SCG is expected to be less efficient than when pumped in the anomalous dis-
persion region as with the SC-5.0-1040 PCF [133]. In addition, the blue edge shifts
towards longer wavelengths. Changes in the fibre dispersion and group velocity
profiles, due to a larger core diameter of PCFs, contribute in the generation of a
narrower SC.
PCF SC-5.0-1040 PCF-9
Relative hole diameter d/Λ 0.52 0.44
Pitch Λ [µm] 3.3 5.5
Core diameter [µm] 4.9 8.6
Mode field diameter (MFD) [µm] 4.3 7.5
TABLE 3.1: Geometrical parameters of the SC-5.0-1040 and PCF-9 PCFs.
FIGURE 3.10: SC-5.0-1040 and PCF-9 PCFs dispersion.
FIGURE 3.11: Group velocity of the SC-5.0-1040 and of the PCF-9 PCFs.
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3.1.6 Supercontinuum noise properties
Femtosecond SC sources offer low noise and have been well studied [133, 152].
However, there are less studies on their noise in long pulse regime (ps-ns pump
pulse duration). The SC noise consists of a low frequency component, given by the
noise of the pump, and a broadband component governed by the noise induced by
the SCG. In section 4.4.5 of chapter 4, an experimental study of a SC source noise is
presented, showing the effect of both components.
SCG in long pulse regime starts on modulation instabilities and with the gener-
ation of N solitons, where N is usually large. Each soliton presents an independent
noise, so the SCG is relatively incoherent [133]. The noise at the spectral edges of
a SC is generally larger than in the middle region around the pump wavelength
[153–155]. Larger pulse-to-pulse variations are observed because of rogue waves.
Rogue waves are described as groups of solitons with large intensity fluctuations
[156]. Such an event is observed mainly at the red edge. Due to soliton trapping
(see Fig. 3.1g), similar large fluctuations are observed at the blue edge.
By increasing the power of a SC using a given PCF, the SCG is enhanced with
more solitons generated (according to equation 3.4, section 3.1.1) and thus the edges
of the spectrum are more stable with more power [153, 154]. Decreasing the core
diameter of the PCF will result as well in a more stable spectrum at the edges due
to a larger nonlinear parameter (equation 3.6, section 3.1.3).
By increasing the pulse duration, with similar peak power, according to equa-
tion 3.4, section 3.1.1, the number of solitons generated increases and a better SCG
is expected. Therefore, a lower noise is expected for longer pulses. In Fig. 4.59 (sec-
tion 4.5, chapter 4), the noise of different SC sources are compared, with ns and ps
pulse durations. However, it is difficult to conclude that the pulse duration has any
influence on the noise since different pump lasers are used.
The noise of a SC is often given as the relative intensity noise (RIN) expressed





where, P is the power, std(P ) the standard deviation of the power and P the aver-






(xi − x)2, (3.9)
where, N is the number of data xi and x the average value for x.
Chapter 3. Supercontinuum generation: theory and limitations 61
3.2 Current limitations
During the last few years, SC sources have been used as an optical source to con-
duct sPA and MPAM [36, 70, 72, 102, 103]. Thanks to their broad bandwidth, they
have the advantage of addressing a much higher variety of tissue, compared to
classical sources used for this purpose as presented in section 2.2.7 (chapter 2). SC
sources are the only current light sources that allow a broad wavelength range with
a PRF faster than several kHz. However, current SC sources do not offer sufficient
pulse energy in comparison to other light sources. sPA and MPAM require ideally
an energy per pulse of 70-100 nJ within a bandwidth as narrow as possible (ideally
< 20-50 nm, according to section 2.2.7). Recent publications have shown at best
33 nJ within a bandwidth of ∼ 40 nm for a central wavelength of 875 nm [102]. The
shortest accessible wavelength achieved is 530 nmwith 0.6 nJ per 50 nm bandwidth
[36, 72]. (During my thesis, a SC source with 75-170 nJ per 10 nm bandwidth be-
tween 680 nm and 830 nm was reported with a total spectrum covering a range ex-
tending from 450 nm to 1100 nm [105]). The lack of power at shorter wavelengths
is highly limiting. For instance, the best contrasts for the measurement of blood
oxygen saturation is for wavelengths between 500 nm and 600 nm (see Fig. 2.7). In-
creasing the output energy of SC sources would allow in-vivoMPAM imaging, and
the possibility to use narrower bandwidths for more accurate sPA measurements.
To increase the energy of a pulsed light source one can increase the pulse dura-
tion and/or the pulse peak power since the energy cam be expressed as:
E ∝ ∆T · Ppeak, (3.10)
where, ∆T is the full width at half maximum pulse duration and Ppeak the peak
power. However, to realise PAM with good performances, a pulse duration of 1-
10 ns is required, according to section 2.2.5 (chapter 2). Then, to increase the energy
further, the peak power of the excitation source should be increased. The devel-
opment of a SC source with 1-10 ns pulse duration and higher power than the
SuperK COMPACT has been further investigated in chapter 4. The main limitation
in increasing the peak power of the SC source is the power level that the PCF can
handle. The PCF damage threshold at a given pulse duration is determined by the
fluence, that represents an energy per surface of area (J/cm2) just like for bulk ma-
terials [157–159]. A too low power value will not generate efficient and broad SC
(section 3.1.4), while too large power will induce damage. The damage occurs at
the input of the PCF where the pump light is focused, see section 4.1 (chapter 4). To
increase the output power of the SC, one can increase the pump power and the PCF
core diameter. The PCF damage threshold (in W/m2) is expected to increase with
the PCF core diameter. However, since the nonlinearity γ of the fibre is inversely
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proportional to the fibre core effective area, according to equation 3.6 (section 3.1.3),
increasing the core diameter will lower the efficiency of the SCG. Thus, less power
will be generated at the edges of the spectrum (section 3.1.5), in the visible where
SC sources are lacking power for sPA and MPAM.
To answer this issue, tapered PCFs have been developed by NKT Photonics.
Tapered PCFs have usually been used in the past to generate a SC with a shorter
blue edge [141–148]. In this thesis, we used PCFs tapers for a slightly different
purpose. The tapered PCFs used present an input core larger than commonly used
PCFs to increase the input power coupled into the fibre without inducing damages.
In a taper, the fibre core decreases along a length of less than a meter to reach the
design of the SC-5.0-1040 PCF (∼ 5 µm core diameter). Finally, the fibre core re-
mains constants for the remaining length (several meters). The straight part of the
tapered PCF has similar characteristics as the classical SC-5.0-1040 PCF, thus opti-
mised SCG is expected with a blue edge shorter than 500 nm. The first few meters
(tapered section) of the PCF present a larger core diameter and thus different dis-
persion and group velocity profiles. The group velocity profile mainly influences
the blue edge, since the last section and longer section of the PCF present the same
group velocity as the SC-5.0-1040 PCF, the blue edge should not be affected. Due
to increased core diameter in the first section of the PCF, the pump is situated in
the normal dispersion regime. We assume that little nonlinearities are generated
until the pump wavelength crosses towards the anomalous region, where the SCG
should start as for a normal SC-5.0-1040 PCF [133]. A similar SC spectrum is then
expected with the tapered PCF as with the SC-5.0-1040 PCF.
The investigation of such tapered PCFs is presented in chapter 4 as well as the
development of a SC source using this new PCF design. More than 70-100 nJ per
band of less than 40-50 nm (ideally < 20 nm) is expected over a broad wavelength
range extending from below 500 nm to 2400 nm, to perform sPA and PAM. A PRF
of typically tens of kHz is targeted for PAM,while access to even larger PRFs would
be of great interest to increase the imaging speed of both PAM and OCT, but as well




"Un scientifique dans son laboratoire est non seulement un technicien: il est aussi
un enfant placé devant des phénomènes naturels qui l’impressionnent comme des
comptes de fées."
"I am among those who think that science has great beauty. A scientist in his laboratory is not a





Development of a versatile
supercontinuum source
The following work reports on the development of a supercontinuum (SC) source
suitable for spectroscopic photoacoustic (sPA), multispectral photoacoustic mi-
croscopy (MPAM) and optical coherence tomography (OCT). The main motivation
is to create a SC source that emits pulses of few nanoseconds duration repeated
at tens of kHz pulse repetition frequency (PRF) with a broad wavelength selection
extending from the visible to the infrared (IR) (typically 500-2300 nm). A minimum
pulse energy of 70-100 nJ within a bandwidth of less than 20 nm is also targeted.
These requirements were set in sections 2.2.5, 2.2.7 and 2.3.6 (chapter 2).
In the configuration considered, the SC source consists of a high power pulsed
laser at 1064 nm coupled into a photonic crystal fibre (PCF). The design of the PCF
has been optimised to generate a SC with the best parameters: high energy and
broad spectrum covering the visible range, see section 4.1. Then, in section 4.2,
the development of a fibre-based pump laser offering ns pulse duration and vari-
able kHz-MHz PRF is presented. Different filtering solutions are presented in sec-
tion 4.3. In section 4.4 is presented in detailed characterisation of the SC source. The
SC source is compared to the SuperK COMPACT (NKT Photonics, Appendix B.2)
in section 4.5. Finally, a summary and conclusions are offered in section 4.6.
All the work presented in this chapter was performed at NKT Photonics. Some
of the results are published in [1, 4] (Appendices A.1 and A.4).
4.1 Photonic crystal fibre investigation
State of the art SC sources use a PCF with a mode field diameter (MFD) of typi-
cally less than 5 µm (e.g. SC-5.0-1040 from NKT Photonics, datasheet in Appendix
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B.1), which allows an efficient SC generation (SCG) (chapter 3). However, the small
core diameter limits the power that can be handled by the PCF. The damage thresh-
old of a fibre is given by the damage threshold of the fibre input, where the pump
laser is focused, and is expressed as a maximum fluence (J/cm2) [157–159]. By
increasing the core size of a PCF, a larger beam is allowed to be coupled into the
fibre and therefore higher power handling will be allowed. However, according
to section 3.1.5 (chapter 3), by increasing the core diameter, a less optimum SCG,
resulting in a narrower spectrum, is obtained due to a lower nonlinear parameter
and a non-suitable PCF dispersion profile. Therefore, by increasing the core size
of the PCF no visible light is generated and this renders this SC unsuitable for sPA
and MPAM in the visible. The concept of tapered PCFs to increase power handling
without altering the SCG has been introduced. Tapered fibres have a larger input
core diameter to allow higher energy/power to be coupled into the fibre. The core
diameter is slowly scaled down and the PCF becomes a highly nonlinear fibre and
generates a broad spectrum. As a reminder, the core diameter of a PCF is defined
as 2Λ− d, where, Λ is the hole-to-hole pitch of the PCF and d the air holes diameter
(see Figure 3.3, chapter 3).
FIGURE 4.1: Longitudinal profiles of a straight PCF and of a tapered PCF with
microscope images of the end facets. Scale bars: 10 µm.
The profiles of a straight PCF and a tapered PCF are given in Fig. 4.1. The ta-
pered PCFs have been drawn by NKT Photonics and have an input core diameter
of∼ 10.5 µm, the length of the straight input section is∼ 1-2 m. The tapered section
is∼ 0.5-1 m and brings the core diameter down to 5 µm, that then remains constant
over more than 12 m. NKT Photonics used the simplest tower tapering method to
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draw the tapered PCFs. It consists of only changing the drawing speed to adjust
the fibre diameter. To a good approximation it maintains all along the tapered PCF
the relative hole diameter. The tapered PCF design is based on the SC-5.0-1040 PCF
design. Therefore, d/Λ ∼ 0.52 (similar to SC-5.0-1040, datasheet in Appendix B.1).
The long straight section has a cladding diameter of ∼ 125 µm and a coating diam-
eter of∼ 245 µm, as the SC-5.0-1040 PCF. The core diameter scales directly with the
cladding diameter. The thickest part of the tapered PCF has a cladding diameter of
∼ 260 µm and a coating diameter of ∼ 510 µm. Two different tapered PCFs have
been used here, named taper 10.3-5 and taper 10.7-5, the first number corresponds
to the input core diameter (thick section of the fibre) and the second to the output
core diameter (same as SC-5.0-1040). These fibres are very stiff and therefore sen-
sitive, delicate and difficult to handle. This issue limits the maximum achievable
core diameter using this drawing method.
The influence of the core diameter of straight and tapered PCFs on the SC gen-
eration is reported in this section. The damage threshold of different fibres and the
SC spectra generated are presented.
4.1.1 Damage threshold measurements
We published most of this work in [1] (Appendix A.1). For this study five different
PCFs have been tested: a standard PCF from NKT Photonics (SC-5.0-1040, 5 µm
core diameter), two straight PCFs with a larger core of 9 µm and 10 µm (named
PCF-9 and PCF-10, respectively) and two tapered PCFs with an input core diam-
eter of 10.3 µm and 10.7 µm and an output core diameter of 5 µm (named tapers
10.3-5 and 10.7-5, respectively). All these PCFs have similar length of ∼ 14-15 m
and the same hexagonal structure with a relative hole diameter of approximately
0.52. Prior to anymeasurements, the air-holes were collapsed at the PCFs ends over
a distance of a few hundreds of micrometres for several reasons: (i) to protect the
air holes from contamination, (ii) to expand the mode area at the facet and thus
increase the facet damage threshold and, (iii) to facilitate the coupling and make it
more stable. The collapse of the air-holes was performed by using a splicer to heat
the PCF.
The damage threshold of those PCFs is studied, the SC-5.0-1040 PCF is taken as
a reference. To measure the damage threshold, a pump laser from Elforlight (FQS-
400-1-Y-1064) is used and operated at fixed parameters: 1064 nm central wave-
length, 4 ns pulse duration and 1 kHz PRF with an energy of ∼ 500 µJ. This laser
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FIGURE 4.2: Sketch of the setup used to generate SCs with the different PCFs
tested. HWP: half-wave plate, PBS: polarising beam splitter, M: mirrors, AL: as-
pheric lens.
has a linear polarisation, therefore the use of a half-wave plate (HWP) and a polar-
ising beam splitter (PBS) allows a continuous attenuation of the beam. The setup
used is represented in Fig. 4.2. An aspheric lens (AL) is used to couple the light
into the PCF. Different focal lengths have been tested to choose for each PCF the
lens offering the best coupling. The focal length depends on the core diameter of
the PCF: a focal length of 8 mm (C240TME-C, Thorlabs) is used for the SC-5.0-1040
PCF (5 µm core) and of 13.86 mm (C560TME-C, Thorlabs) for the larger PCFs (9-
10.7 µm core). For each PCF, the coupling was optimised by using all degrees of
freedom given by the angle adjustment of twomirrors (M) and a three-dimensional
translation stage (NanoMax, Thorlabs). The coupling is optimised at low power to
avoid damages due to miss-alignement, then the power is slowly increased until
the fibre is damaged. The average power was measured with a thermal broadband
high power powermeter (3A-QUAD, Ophir Photonics). The experiment was re-
peated several times for each PCF to improve the accuracy of the results. Between
each iteration the fibre end was cleaved and the air-holes were collapsed.
Figure 4.3 shows the damage thresholds measured, which correspond to the
energies, expressed in µJ, of the pump laser at the input of the PCFs when be-
ing damaged and thus, no light is transmitted through the PCF. An uncertainty of
about ± 10 % has been measured by repeating the measurements several times. It
shows that the damage threshold is linearly dependent to the input core area of the
PCF. This observation is consistent with most cases of materials damage thresh-
olds, expressed in J/cm2 [157–159]. The damage thresholds of tapered PCFs follow
the linear dependency with the input core area, regardless of their smaller section
(5 µm core diameter). Two different tapers were tested that have a slightly different
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FIGURE 4.3: Damage threshold versus core area for the five PCFs tested.
input core diameter, 10.3 µm and 10.7 µm. These two PCFs have a different tapered
length, 0.5 m and 1 m, respectively. However, the results of these two fibres are
really similar, the taper 10.3-5 is not tested further.
We assume that for a pulse duration in the 10 ps-10 ns range, the damage thresh-
old (in µJ) is, according to [158], approximately proportional to the pulse duration.
A fibre damage occurs then at fixed peak power (equation 3.10, chapter 3). This
is experimentally validated by comparing the damage threshold of the SC-5.0-1040
PCF measured here with a 4 ns-pulse duration laser (60 µJ) and that given by NKT
Photonics by using a 1.2 ns laser (15 µJ) [159]. The peak powers are then 15 kW and
12.5 kW respectively, the difference can be due to the way fibres were handled.
4.1.2 SC spectra and energy density
The spectra of the four PCFs further tested have been recorded by using optical
spectrum analysers (OSA) that collected light from a large-core step-index fibre
connected to an integrating sphere. Two different OSAs were used to record the
SC spectra that extend from below 500 nm to ∼ 2400 nm. One OSA presents a
scanning range extending from 350 nm to 1750 nm (Ando AQ6315, Yokogawa),
and other one from 1200 nm to 2400 nm (AQ6375, Yokogawa). The energy den-
sity calibration was performed by integrating the total SC spectrum that combined
the spectra from both OSAs and by knowing the total output energy. The spectra
recorded, corresponding to an energy at the input of the PCFs of about 70 % to 90 %
of the damage threshold energy, are represented in Fig. 4.4, where the energy den-
sities are expressed in nJ/nm. The absorption due to OH in the PCF is observed at
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∼ 1380 nm (according to section 3.1.3). Table 4.1 summarises additional character-
istics of the four PCFs tested and the SCs generated.
PCFs SC-5.0-1040 PCF-9 PCF-10 Taper 10.7-5
Core diameter [µm] 4.9 8.6 10 10.7-5
Damage threshold [µJ] 60 116 128 144
Maximum peak power* [kW] 15 29 32 36
Total output energy [µJ] 10 29.5 30 22
Visible output energy [µJ] 1.7 5.4 4.6 6
Experimental blue edge [nm] 475 600 675 475
Theoretical blue edge*** [nm] 478 552 – 478
TABLE 4.1: Characteristics of the four PCFs tested and their SC spectra generated.
*: value calculated for a pulse duration of 4 ns. ***: calculated using a red edge of
2400 nm (section 3.1.5, Fig. 3.11).
As explained in section 3.1 (chapter 3), the SC-5.0-1040 PCF is especially de-
signed for good SC generation with γ = 11 W−1/km. Its spectrum expands from
approximately 475 nm, the blue edge, to 2400 nm, the red edge, with a relatively
flat shape from 600 nm to 1050 m and, from 1100 nm to 1600 nm. The 475 nm blue
edge is obtained for a peak power of at least 10 kW. However, in our configuration,
according to Table 4.1, this PCF cannot handle more than 60 µJ. A SC source of only
10 µJ was obtained.
An energy of 70-100 nJ per less than 20 nm bandwidth is ideally required for
sPA and MPAM, according to section 2.2.7 (chapter 2). Nd:YAG lasers doubled in
frequency offering a wavelength of 532 nm are the gold standard light sources used
for PAM. By using the SC-5.0-1040 PCF with the Elforlight pump, an energy den-
sity of∼ 2 nJ/nm at 532 nm is obtained. Therefore, a bandwidth of at least 35 nm is
required. This is already a large improvement compared to what has been reported
FIGURE 4.4: SC spectra of the four PCFs tested.
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so far for PAM using SC sources, according to section 2.2.7 (chapter 2). However,
further increase in the SC energy density is required.
To increase the energy that a fibre can handle, the fibre core can be increased,
according to Fig. 4.3. The damage threshold of the PCF-9 and PCF-10 is double
the one of the SC-5.0-1040 PCF. However, by increasing the core diameter of the
PCFs, the nonlinear parameter γ is divided by respectively 3.24 and 4, according
to equation 3.6 defined in section 3.1.3 (chapter 3). In addition, the dispersion pro-
file of the PCF becomes unsuitable for short wavelength generation, according to
section 3.1.5, Fig. 3.10 (chapter 3). Consequently, the SCG is strongly affected, as
shown in Fig. 4.4. The blue edge is shifted towards longer wavelengths, according
to Fig. 3.11 (section 3.1.5, chapter 3). No light is generated in the 500 nm to 600 nm
region, which makes such a source unsuitable for blood imaging and oxygen sat-
uration measurements, by considering the absorption spectra of haemoglobin pre-
sented in Fig. 2.7 and 2.10 (chapter 2).
The study shows that increasing the core diameter of the PCF allows enhanced
power handling however the nonlinear properties are strongly affected. Thus, the
development of tapered PCFs with the design presented in Fig. 4.1 is of great inter-
est. A larger input core diameter allows for 30-35 kW of pump peak power coupled
into the fibre. The following narrow section of the tapered PCF gives the nonlin-
earity as the SC-5.0-1040 PCF. By using a pump peak power of 30-35 kW with the
tapered PCF, instead of 10-15 kW like with the SC-5.0-1040 PCF, the total SC en-
ergy is doubled and similar blue edge (475 nm) is obtained. The increase in pump
peak power coupled into the tapered PCF further enhances the SCG, leading to
an energy in the visible 3.5 times larger than with the SC-5.0-1040 PCF. A maxi-
mum energy density of almost 20 nJ/nm is measured at 600 nm, with more than
15 nJ/nm between 575 nm and 1500 nm and, more than 6 nJ/nm between 500 nm
and 575 nm. These levels of energy are really promising for sPA and MPAM using
relatively narrow bands. An energy of 70 nJ corresponds to a bandwidth of 7 nm
for a central wavelength of 532 nm.
The use of tapered PCFs for SCG allows enhanced SC energy density andmakes
such a source suitable for sPA and MPAM, securing nanosecond pulse duration,
kHz PRF and more than 70-100 nJ in the visible within a bandwidth of less than
10-15 nm. Less than 20 nm for more than 70-100 nJ was initially target, according
to the introduction of this chapter.
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4.1.3 Physical fibre damages
This short paragraph details a quick study of the damages physical consequences
on the fibres. With pulsed light, both the peak power and the energy of the pulse
are contributing to the fibre damage. Figure 4.5 presents the top view from dam-
aged PCFs observed through a splicer camera. Each image corresponds to a dif-
ferent iteration of the damage threshold measurement. On the images, the black
shapes correspond to the damaged parts, where the silica melted. It appears that
the PCFs are damaged only on the first hundreds of micrometres from their input
facet. Therefore, cleaving the PCF and collapsing the air-holes between each itera-
tion of the damage threshold measurement is effectively sufficient. These damages
can be as well observed by looking at the fibre edge by reflection with a micro-
scope. Figure 4.6a shows different damages corresponding to three iterations. Fig-
ure 4.6b shows a damaged PCF (same iteration) with three different views using
different magnifications and foci. The damage is more important than the ones
from Fig. 4.6a. A hole centred on the fibre core due to the melted silica is present in
FIGURE 4.5: Top views showing damaged PCFs corresponding to different itera-
tions of the tapered PCF damage threshold measurement. Scale bars: 100 µm.
(a) Three different iterations.
(b) Three different zooms and foci from the same damaged PCF.
FIGURE 4.6: Microscope view from facets showing damaged PCFs corresponding
to different iterations of the tapered PCF damage threshold measurement. Scale
bars: 25 µm.
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each case. This explains why no light is transmitted through the fibre. Various hole
size and cracks lengths are observed. These presumably depend on how long and
to what level of energy above the damage threshold the fibre was exposed and on
the coupling efficiency of the light into the PCF. It appears that damage is initiated
where the air-holes open, meaning that the damage is induced by too much power
in a reduced area. The silica is melting. This is not a fibre surface damage in this
case.
We just reported on the development of a SC source using a tapered PCF with
1 kHz PRF and an energy density of more than 15 nJ/nmwithin a broadband range
extending from 575 nm to 1500 nm. More than 6 nJ/nm is reported above 500 nm.
By using a bandwidth of less than 20 nm, an energy larger than 70-100 nJ is achiev-
able for wavelengths above 500 nm, that makes such a source highly suitable for
sPA and MPAM. However, a PRF of 1 kHz is relatively slow for the acquisition of
volumes from in-vivo samples. For instance, considering one pulse per position,
a B-scan image (cross section) of 500 A-scans (lines) will take 0.5 s and the image
noise (PAM and OCT) will be directly driven by the pulse-to-pulse noise of the
source. Further developments are needed to build a SC source suitable for sPA,
MPAM and OCT. Increasing the PRF to several tens, hundreds of kHz is essential
to reduce the spectral noise for OCT and/or increase the imaging speed, according
to sections 2.2.5 and 2.3.6 for PAM and OCT, respectively. The development of a SC
source with a fibre-based pump laser shows great promise in answering the needs
for higher PRFs.
4.2 Development of an all-fibre based pump laser for super-
continuum generation
A supercontinuum source combining the taper 10.7-5 PCF described in section 4.1
with a fibre-based pump laser was developed. The motivation is to build a versa-
tile SC source that can be used for multimodal imaging. Tapered PCFs allow higher
energies in the visible for sPA and MPAM. The SC pump is based on a master os-
cillator power amplifier (MOPA) configuration with a directly modulated diode
(DMD) as the seed that allows flexibility in pulse duration and in PRF. The goal
is to build a SC source with 1-10 ns pulse duration for PAM and, a tuneable PRF
reaching up several hundreds of kHz for OCT. Most of the work required relies on
the development of a fibre-based pump laser with sufficient peak power.
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Two different DMDs have been tested as the seed with a central wavelength of
∼1060-1065 nm. A seed from QDLaser (QC2D1061-6430) with a pulse duration ad-
justable between 100 ps and 7.2 ns and a PRF between 12 kHz and 250MHzwas use
in a first time. Later we decided to use a seed from Innovative Photonics Solutions
(IPS) (I1064SB0120P) combined with a laser diode pulser from Highland Technol-
ogy (T165-2) that offers 200 ps-2 ns pulse durations and PRFs up to 200 MHz.
4.2.1 Pump laser development
To maximise the capabilities of the tapered PCFs studied in section 4.1, the pump
laser should ideally have a peak power of at least 30-35 kW. Figure 4.7 shows a
sketch of the SC configuration, that consists of a seed, several stages of amplifica-
tion, followed by a isolator and finally, this pump laser is coupled into the tapered
PCF. The seed has a power of few tens of µW, therefore more than∼ 50 dB of ampli-
fication is needed. To achieve such an amplification, multiple amplification stages
are required (preamplifier and booster).
FIGURE 4.7: Supercontinuum source configuration with an all-fibre based pump
laser and a tapered PCF. ISO: isolator, WDM: wavelength division multiplexer,
Yb: Ytterbium.
Seed
The QDLaser seed was used to build the MOPA. The pulse duration and the PRF
can be selected with the supplier software with good repeatability, that makes such
a seed ideal to build a flexible pump laser. For PAM, the excitation laser requires
a pulse duration of typically 1-10 ns with a PRF in the kHz range, according to
section 2.2.5 (chapter 2). The seed software gives the possibility to choose between
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FIGURE 4.8: QDLaser seed spectrum at a PRF of 100 kHz with a pulse duration of
0.9 ns. The inset displays the spectrum around 1062 nm.
FIGURE 4.9: Left: measured pulse durations for different PRFs. Right: temporal
pulses at 25 kHz. Horizontal scale: 2 ns/div.
discrete pulse durations. The DMD consists of a diode and a semiconductor opti-
cal amplifier. The current applied to the DMDwas optimised to limit the amplified
spontaneous emission (ASE) and maximise the power. A seed average power of
∼ 10-20 µW is measured. Figure 4.8 presents the seed spectrum taken with the OSA
used previously (Ando AQ6315, Yokogawa). The seed laser spectral peak consists
of two sub-peaks which may come from the reflection profile of the reflection grat-
ing used in the DMD. The seed ASE is characterized by its typical broad spectrum,
and mainly originates from the semiconductor optical amplifier.
Four different pulse durations were used to optimise the MOPA: 0.9 ns, 2 ns,
4.6 ns and 7.2 ns and six different PRFs: 12 kHz, 25 kHz, 50 kHz, 100 kHz, 1 MHz
and 10 MHz. Figure 4.9 shows the measured seed pulse duration and examples of
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temporal pulses for a PRF of 25 kHz. The measurements are perfomed with a fast
photodiode (DET08CFC, Thorlabs) and a PicoScope (Pico Technology, 9000 Series).
The pulse is composed of a short gain-switched pulse (∼ 100 ps) and a main pulse
(ns). The pulse duration is almost insensitive to the PRF, where a variation of 2 to
7 % is observed. However, for a pulse duration of 0.9 ns (QDLaser value), a pulse
of ∼ 100 ps only is measured for PRFs higher than 1 MHz. This short pulse corre-
sponds to the DMD gain-switched pulse alone.
Preamplifier
The preamplifier consists of a double stage ytterbium-doped fibre amplifier (YDFA)
using a single pump diode (∼ 400 mW). The power ratio distribution between the
two stages as well as the Yb-doped fibres lengths were optimised to maximise the
preamplifier amplification gain and limit the ASE, for different pulse durations and
PRFs. 30 % of the pump diode power is used for the first stage and 70 % for the sec-
ond. Both Yb-doped fibres (PLMA-YDF-10/125, Nufern) are 2 m long. Figure 4.10
shows the average power at the preamplifier output for different pulse durations
and PRFs.
Figure 4.11 represents the spectrum after preamplification for different PRFs
with a pulse duration of 7.2 ns. A broadbandASE spectrum extending from 1000 nm
to 1140 nm is observed, corresponding to the Ytterbium emission [160] from the
second stage of preamplification. Bandpass filters with 4 nm full width at half
maximum are used before and after the first stage of preamplification to limit the
amplification of the seed ASE. However, a high level of ASE is still observed, with
a bandwidth of ∼ 10 nm centred at 1064 nm, which corresponds to the filters total
FIGURE 4.10: Average power after preamplification of the QDLaser seed for
different pulse durations and PRFs.
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FIGURE 4.11: Spectrum after preamplification of the QDLaser seed for different
PRFs with a pulse duration of 7.2 ns. The inset displays the spectrum around
1062 nm.
FIGURE 4.12: Ratio between the maximum of the preamplifier spectrum and its
ASE level, taken at 1064 nm, for different pulse durations and PRFs.
bandwidth. At higher PRFs the seed presents a larger average power and more
pulses are available, thus less ASE is generated. This is observed in Fig. 4.12 which
represents the difference, in dB, between the pump laser spectrum amplitude at
1062.6 nm (maximum) and the ASE level at 1064 nm. Increasing the pulse duration
results in a slightly larger average power as well, so lower ASE is as well observed.
High ASE is a major issue when building high power MOPA.
Booster with NKT Photonics Yb-doped fibre
The booster (final stage of amplification) consists of two multimode high power
pump diodes with a double clad Yb-doped fibre. A first version of the MOPA
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used an Yb-doped fibre drawn by NKT Photonics. The maximum average power
reached by the MOPA is presented in Fig. 4.13 for different pulse durations and
PRFs. A power of ∼ 22 W was measured. After preamplification, the average
power depends on the PRF, according to Fig. 4.10. After the booster, the aver-
age power depends only slightly on the pulse duration and the PRF, with a vari-
ation of ± 3 %. Figure 4.14 shows the dependency of the average power with the
pump diode power for a pulse duration of 2 ns and different PRFs. As observed in
Fig. 4.13, the MOPA average power is barely dependent on the PRF. A threshold of
∼1 W of pump diodes power and an efficiency of more than 75 % are measured.
FIGURE 4.13: Maximum average power at the MOPA output for different pulse
durations and PRFs.
FIGURE 4.14: Average power at the MOPA output with a pulse duration of 2 ns
for different PRFs and output powers of the pump diodes.
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SC test
The MOPA output beam is used to pump the SC-5.0-1040 PCF and generate a SC.
The final version of the source is planned to use a tapered PCF, but as a first step we
used the standard SC-5.0-1040 PCF. A pulse duration of 2 ns, a PRF of 100 kHz and
and an input peak power of ∼10 kW (2 W average power) were used. Figure 4.15
shows the spectrum generated. A total SC power of 350 mW is measured. It can
be observed that little visible light is generated. We conjecture that a lot of ASE
is contained in the pump laser. This correlates with the observation of high ASE
in the preamplification stage already (Fig. 4.11 and 4.12). ASE is continuous and
therefore has low peak power. Therefore, ASE cannot induce nonlinear effects and
is simply transmitted and attenuated through the fibre. The effective peak power
used for the SCG is reduced, leading to too little spectral broadening. The MOPA
developed above is not suitable to generate a SC with high energy densities in the
visible. Further developments are required to generate a pump laser with lower
ASE and higher peak power.
FIGURE 4.15: SC spectrum using the MOPA with a pulse duration of 2 ns and a
PRF of 100 kHz.
Booster with Nufern Yb-doped fibre
The double clad Yb-doped fibre from NKT Photonics exhibits high gain amplifica-
tion, however specific splices at the fibre edges are required. In case of damage in
the middle of the fibre, no resplicing of the fibre with itself is possible due to its de-
sign. Unfortunately, the gain fibre as well as the splices in the booster stage could
not resist the heat generated by such a high power (∼ 20 W output). Therefore, we
decided to use a fibre that can easily be respliced in case of damage (PLMA-YDF-
15/130-VIII, Nufern).
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FIGURE 4.16: Average power at the MOPA output with a PRF of 25 kHz for dif-
ferent pulse durations.
Figure 4.16 presents the average power of the MOPA at 25 kHz for different
pulse durations and different output power of the pump diodes. The same thresh-
old than with the previous configuration is measured: ∼ 1 W but the efficiency is
reduced by half, ∼ 35 %. We observed, as well as with the NKT Photonics Yb-
doped fibre, that the MOPA average power is barely dependent on the PRF. There-
fore, only measurements corresponding to a PRF of 25 kHz are presented here. The
MOPA average power is independent of the pulse duration.
FIGURE 4.17: Temporal pulses at the MOPA output with a PRF of 25 kHz for
different pulse durations and average powers. Horizontal scale: 1 ns/div.
The MOPA temporal pulses for different pulse durations and average powers
are presented in Fig. 4.17. For an average power of 0.05 W, just above the amplifier
threshold, the temporal pulse shape is similar to that of the seed (before any am-
plification, as shown in Fig. 4.9). The gain-switched pulse (∼ 100 ps) initiating the
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pulse has double the amplitude of the nanosecond section of the pulse. However,
while increasing the MOPA power, it can be observed that the nanosecond pulse is
barely amplified in comparison to the gain-switched pulse. Therefore, a pulse du-
ration of maximum 1-2 ns is achieved, while the QDLaser seed offered more than
7 ns pulse duration.
FIGURE 4.18: Spectrum at the MOPA output with a PRF of 25 kHz for different
pulse durations and two different average powers. The inset displays the spec-
trum around 1062 nm for a MOPA power of 0.05 W.
FIGURE 4.19: Spectrum at the MOPA output with a PRF of 25 kHz, a pulse dura-
tion of 7.2 ns and five different average powers. The inset displays the spectrum
around 1062 nm.
Figure 4.18 shows the MOPA spectrum for different pulse durations, and with
a MOPA power of 0.05 W, just above threshold, and of 4.4 W. At a given MOPA
power, the pulse duration has little influence on the spectrum. Figure 4.19 presents
the MOPA spectra for five different average powers, for a fixed PRF of 25 kHz and
fixed pulse duration of 7.2 ns. It can be observed that by increasing the power, a
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FIGURE 4.20: Estimation of the maximum peak power achieved at the MOPA
output for different PRFs and pulse durations.
stronger Raman generation is obtained without increasing significantly the MOPA
power at ∼ 1062 nm. Several orders of Raman Stokes are generated. The side
bands, observed at 1045 nm and 1080 nm, may be due to modulation instabilities
of the pump laser [149].
As expressed previously, a peak power of ∼ 30-35 kW is required to maximise
the potential of the tapered PCF for SCG. Figure 4.20 represents the maximum peak
power achievable as a function of the PRF for different pulse durations. The pulse
durations are assumed to be 0.9 ns, 2 ns, 4.6 ns and 7.2 ns for the calculation. The
grey area corresponds to the domain where the MOPA can be used to generate op-
timum SC (> 30 kW of peak power). A PRF of maximum 200 kHz is usable to
generate an optimum SC. These results seem promising. For instance, the SuperK
COMPACT (NKT Photonics), which is currently the SC source that offers the largest
energy with nanosecond pulse duration, has a maximum PRF of only 20 kHz. We
coupled this MOPA using more than 10 kW of peak power to the SC-5.0-1040 PCF.
The spectral broadening of the SC obtained was poor with a blue edge of∼ 600 nm.
According to section 3.1.2 of chapter 3, a blue edge of ∼ 478 nm is expected. These
results are similar to those shown in Fig. 4.15. Therefore changing the Yb-doped
gain fibre of the booster did not help reducing the ASE of the pump laser and too
little peak power can be used for the SCG.
The pump laser, made of the QDLaser seed, a preamplifier and a booster, is not
suitable to generate SC because too much ASE is generated, resulting in too little
SCG. The strong ASE is initially generated by the QDLaser seed, then amplified.
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4.2.2 Pump laser final configuration
Since the DMD from QDLaser is not suitable in our situation, we used the diode
from IPS (I1064SB0120P) and the driver from Highland Technologies (T165-2). The
disadvantage of this seed is that the pulse duration selection is done mechanically
by rotating a screw, and that the range of available pulse durations is more limited
than for the QDLaser seed. This is the reason why the QDLaser was chosen in the
first place. Further developments in the hardware would allow to select electron-
ically the pulse duration. Unfortunately, we did not have time to develop such a
module. For the study presented below, we selected two different pulse durations:
∼ 2 ns (shorter pulse) and ∼ 2.7 ns (longer pulse), and fixed the PRF at 25 kHz.
FIGURE 4.21: IPS DMD temporal pulse for two different pulse durations.
FIGURE 4.22: IPS DMD spectrum.
Figure 4.21 shows the seed temporal pulses, corresponding to an average power
of ∼ 10 µW. The strong short (ps) gain-switched pulse observed with the QDLaser
seed (Fig. 4.9) is not observed with the IPS seed. Figure 4.22 represents the seed
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spectrum. The seed ASE level is low (-20 dB) compared to the previous configura-
tion (-5 dB, according to Fig. 4.8). Therefore, we expect less ASE in the pump laser
and thus better SCG.
FIGURE 4.23: Average power at the MOPA output for a PRF of 25 kHz and two
different seed pulse durations.
FIGURE 4.24: Temporal pulse at the MOPA output for a PRF of 25 kHz, 5 W
average power and two different seed pulse durations. The inset shows the pulse
duration evolution with the MOPA average power.
The same MOPA configuration with the preamplifier and the booster is used as
above (see Fig. 4.7). Figure 4.23 shows the average power at the MOPA output for
the two different pulse durations studied. An efficiency of almost 40 % is measured
with a threshold of ∼ 2 W. It can be observed that the pulse duration has very little
influence on the MOPA average power, which is similar to the results obtained for
the previous configuration, using the QDLaser seed (Fig. 4.16). Figure 4.24 repre-
sents the MOPA temporal pulse for a MOPA average power of ∼ 5 W for the two
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different pulse durations of the seed. The inset shows the pulse duration evolution
as a function of the MOPA average power. The MOPA pulse durations are similar
for an average power larger than 2.7 W, even if the initial seed pulse durations are
different (2 ns and 2.7 ns). The pulse duration decreases when the power increases.
Despite this, the pulse duration is still within the 1-10 ns range required by PAM.
More than 150 kW peak power is measured at a PRF of 25 kHz. However, only 30-
35 kW peak power is needed to maximise the capabilities of the taper 10.7-5 PCF.
In the following work, the pump laser consisting of the IPS seed, a preampli-
fier and a booster is used. The longer pulse duration (∼2.7 ns) was chosen. An
isolator is implemented at the MOPA output. The PCF taper 10.7-5, introduced in
section 4.1, is used to generate the SC.With this configuration we obtained a 25 kHz
SC source with a total output power of up to ∼400 mW and a blue edge of 475 nm.
The characterisation of the source is presented in section 4.4.
4.3 Filtering
The SC source is meant to be used for sPA, PAM, MPAM and OCT. To perform
these modalities simultaneously or sequentially, the SC needs to be filtered. sPA
and MPAM require multiple wavelengths with a bandwidth ideally narrower than
20 nm, < 50 nm acceptable, according to section 2.2.7 (chapter 2). OCT requires a
broad bandwidth to assure good axial resolution, more than many tens of nanome-
tres would be favoured, according to Fig. 2.16 (section 2.3.2, chapter 2).
(a) (b)
FIGURE 4.25: (a) Filter configuration using a rotating prism and, (b) example of
different spectra obtained. DP: dispersive prism, M: mirror, PH1 and PH2: pin-
holes.
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A simple combination of a longpass and a shortpass filters is often used for
OCT.
For sPA and MPAM, different filtering solutions can be considered. The use
of multiple bandpass filters is conceivable. However, changing filter is relatively
slow and most importantly sPA and MPAMwould rely on available filters (central
wavelength and bandwidth).
A rotating prism in combination with a pinhole can be used to filter the SC for
sPA and MPAM. This simple method was used at an early stage at Northwestern
University, see section 5.1.1 (chapter 5) and Appendix A.2 [2]. Figure 4.25a presents
(a) VARIA transmission as a function of the bandwidth, extracted from the VARIA
datasheet (Appendix B.3).
(b) VARIA transmission for different central wavelength and a fixed bandwidth of 25 nm,
extracted from the VARIA purchased test report.
FIGURE 4.26: VARIA transmission.
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the sketch of such a configuration and Fig. 4.25b shows examples of different se-
lected spectra. This method is inexpensive but presents several drawbacks. The
alignment of the prism with the rotational axis is difficult, the bandwidth varies
with the central wavelength (larger at longer wavelengths, see Fig. 4.25b), the cen-
tral wavelength selection is not reliable (manual alignment), less than 50 % trans-
mission is measured and because of its free-space configuration, it is not compact.
NKT Photonics develops and has commercialised a filtering system (VARIA)
suitable for sPA, PAM, MPAM and OCT. The product datasheet is presented in Ap-
pendix B.3. This filter offers a tuneable central wavelength and bandwidth within a
range extending from 400 nm to 840 nmwith a transmission of∼ 70-90% (Fig. 4.26).
The switching time between two bands is of less than 5 s. The wavelength range
is limited to the 400-840 nm band, which suits our needs since most common ab-
sorbers (haemoglobin and melanin) absorb in visible (Fig. 2.7, chapter 2). Spectral
bands of any bandwidth within the 400 nm to 840 nm range can be selected, typi-
cally 10 nm to 50 nm is chosen for sPA andMPAM. A bandwidth larger than 100 nm
can be used, which is highly suitable for high resolution visible OCT for instance.
The VARIA includes a dichroic mirror which splits the input spectra between the
tuneable 400-840 nm band and an IR band (above 840 nm). No further filtering is
offered for the IR band, but an additional accessory offers the possibility to add
1 inch transmitting filters. This IR band can then be further filtered and used for
OCT or PAM. The VARIA is equipped with the possibility to couple both outputs
in fibres with a coupling efficiency of more than 60 % (wavelength and fibre depen-
dent). SuperK CONNECTs are used in combination with delivery fibres (datasheet
in Appendix B.4). This filtering solution is well suited to performMPAM and OCT.
The VARIA was used at the University of Kent, see section 5.1.3 (chapter 5).
4.4 Characterisation of a novel fibre-based supercontinuum
source
The SC developed uses the taper 10.7-5 PCF described in section 4.1, with a fibre-
based pump. The pump laser consists of a seed (diode, I1064SB0120P, IPS and
driver, T165-2, Highland Technology) amplified by a homebuilt MOPA, according
to the design presented in Fig. 4.7 and whose development is described in sec-
tion 4.2. The pump pulse has a power-dependent duration of∼1-2.5 ns. The result-
ing SC source, presents a similar pulse duration and therefore meets the require-
ments for PAM (1-10 ns). A PRF of tens of kHz (25 kHz here) is typically required
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for PAM (section 2.2.5, chapter 2). Continuous or MHz broadband light sources
are favoured for OCT (section 2.3.6, chapter 2). Using a DMD as the seed allows
tuneability of the PRF up to few MHz. We studied the influence of the seed PRF
on the pump power and on the SC source power and spectrum (section 4.4.4). In
section 4.4.5, the results of a noise study conducted along the SC spectrum (500 nm-
1600 nm) for different pump powers and PRF values are presented. Since this SC
is meant to be used elsewhere, the source needs to be built as a prototype that can
be shipped. This challenging process is presented in section 4.4.1. Section 4.4.2
presents the SC characteristics for a PRF of 25 kHz at different steps until its final
configuration (prototype). Energy and power estimations of the 25 kHz SC source,
in relation to sPA, MPAM and OCT needs, are presented in section 4.4.5.
4.4.1 Source packaging
The development of a novel SC source with enhanced energy has already shown
several challenges in section 4.2. A task that is often under-estimated, is the trans-
fer from a system at the stage of research into a prototype that can be shipped and
used in different environments. This SC source is meant to be used for sPA, PAM,
MPAM and OCT. By the time the source was assembled, the network supporting
my research did not have any PAM system, only OCT. Therefore, we launched a
collaboration with the group of Professor Hao F. Zhang at Northwestern Univer-
sity (USA) whom’s research covers extensive combinations of OCT and PAM. The
SC source needed to be shipped to the USA, and I will travel there to conduct proof
of concept experiments by implementing this SC source in existing OCT-PAM sys-
tems. The results of this collaboration are published in [2] (Appendix A.2). In addi-
tion, as this source was planned to be used at the University of Kent for the second
part of my PhD, the goal was from the very beginning to assemble a sturdy, robust
and reliable system. A multimodal sPA, PAM, MPAM and OCT system using this
SC source can be build. The results obtained are presented in chapter 5.
Figure 4.27 shows a picture of the prototype assembled. Being initially at NKT
Photonics was important to develop the prototype hardware. I was able to use
different existing modules and access the rich expertise in laser and SC source as-
sembly at NKT Photonics. After developing the SC source proof of concept, the
main work consisted in developing the packaging (box), the electronics, the opti-
cal board and the user interface (software and hardware). The software is similar
to the one used by NKT Photonics in all their products, with some adaptations to
accommodate our needs, such as being able to change the intensity of the pump
diodes to generate different SC powers. The SC box was adapted from a product
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FIGURE 4.27: Picture of the SC prototype developed. The inset display the con-
nection between the seed and the MOPA. Scale bar: ∼ 20 cm
from NKT Photonics. The front panel was modified to accommodate the SC source
output fibre. The fibre output beam was collimated using components and pro-
cedures tested and widely used in NKT Photonics SuperK products. A holder to
accommodate the collimator during shipment is added on the top cover of the box.
The back panel was completely rebuilt since the original panel did not fit our needs.
It consists of a power switch, fans to cool down the PCF (left) and the pump diodes
(top right), a USB port on the right to connect the source to the computer interface
and control the source emission (ON/OFF and power). In this prototype both the
QDLaser and the IPS seed lasers were implemented. The BNC connector on the
back is used to trigger the IPS laser externally. The USB port on the left can be used
to connect the QDLaser with the computer to operate it through its software inter-
face. On the front panel, the key is used to switch between powering up either the
IPS or the QDLaser seed: OFF for IPS, ON for QDLaser. This system was always
operated with the IPS seed once assembled in this box. However, to employ the
QDLaser seed, the front panel needs to be opened. The fibre connecting the MOPA
can then be shifted to the mating sleeve situated underneath to connect the MOPA
to the QDLaser seed fibre (Inset of Fig. 4.27). On the side of the box, two D-Sub
connectors (Female and Male) were placed to allow the source to be linked to other
NKT Photonics accessories, such as the filter VARIA in our case (section 4.3). The
optical platform is based on that employed in the SuperK EXTREME from NKT
Photonics. This platform can accommodate the MOPA (preamplifier and booster)
and was adapted to implement the seed laser and the output isolator. To imple-
ment the SC in a box, the source needed to be miniaturised. The challenges and
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different steps towards this aim are presented in section 4.4.2. A main concern to-
wards accommodating the pump laser was sufficient heat dissipation and secure
the fixing of fibres, avoiding tight bending. The minimum bending radius is typi-
cally 200 times the fibre diameter. The thickest part of the tapered PCF is∼ 510 µm,
therefore a bending radius of minimum 100mm is required. The prototype respects
the requirements in bending radius to not introduce any additional losses or fibre
damages. The electronic board used to run the system is part of the optical plat-
form, however the power supply of this board and of the seed lasers were chosen
especially for this prototype.
Building a prototype that can withstand shipment is a real challenge. During
the first shipment to the USA, a fibre broke, as a consequence the power dimin-
ished. It can be observed that the energies used for the experiment (section 5.1.1,
chapter 5 and Appendix A.2 [2]) are lower than the values presented in this chapter.
This SC source was supposed to be used at the University of Kent for the second
part of the PhD. Unfortunately, this source was never used there. During the ship-
ment, most probably because of vibrations, a screw got loose and fell off. The out-
put fibre of the isolator broke. Even after spending several weeks/months trying
to fix the system both at the University of Kent and at NKT Photonics in Denmark,
the SC source has never worked properly again. Too many instabilities were ob-
served. Therefore, we decided to use a commercially available system from NKT
Photonics, SuperK COMPACT (datasheet in Appendix B.2). This source is the SC
source currently that offers the largest energy among all available source on the
market. No one has ever reported on using this source for sPA, PAM and MPAM.
Section 4.5 presents a comparison between the SuperK COMPACT and the novel
fibre-based SC source developed here.
4.4.2 25 kHz supercontinuum source
This source was developed to offer a stable 25 kHz ns-pulsed SC source, with the
possibility to tune the PRF. We present in this section the characteristics of the
source at 25 kHz. The pump laser development was presented in section 4.2. The
taper 10.7-5 PCF is used. An optical isolator was added between the pump laser
and the PCF to avoid back reflection into the MOPA which may cause permanent
damages by optical amplification in the booster. The challenge was to transfer a
system that was built partly on an optical bench into a compact box. To achieve
this, small size mechanics and fibre-based components are used.
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As a start, the alignment and the development of the SC source is made on an
optical bench, to facilitate alignment and testing with more degrees of freedom.
This first step (1) consisted of using a free-space isolator and performing the pump
light coupling into the PCF in free-space on an optical bench. The setup used is sim-
ilar to that presented in Fig. 4.2. The Elforlight laser is replaced by the fibre pump
developed with a collimation lens. The half-wave plate and the polarising beam
splitter are removed and a high power free-space isolator (110-10298-0001, EOT)
is introduced. The output fibre of the pump laser has a core diameter of ∼15 µm
and the PCF of ∼10.7 µm. To maximise the coupling, two lenses are chosen to
match best the magnification between the PCF core diameter and the pump output
fibre core diameter. Focal lengths of 11 m and 8 mm are chosen (C220TMD-C and
C240TME-C, Thorlabs). Figure 4.28 represents the SC spectra obtained with this
configuration for a total SC power of 400 mW.
FIGURE 4.28: SC spectra at step (1).
The second step (2) consisted of using a fibre-based high power isolator (OIST-
321600131, Agiltron) and performing the pump coupling into the PCF on an optical
bench, like in step (1). However, the most reliable and stable process to couple the
pump into the PCF is to perform a cold splice between the pump output fibre and
the PCF input [161]. This procedure is used by NKT Photonics for their SuperK
EXTREME sources. The cold splice is needed to avoid the collapsing of the PCF
holes, due to heat. The splice is performed with a Vytran fusion splicer (Thor-
labs). The alignment of both fibres for the splice is made by maximising the power
going through the PCF, this specific splicing procedure was carefully performed.
However, the results were not satisfying, we therefore decided to use free-space
coupling between the pump laser and the tapered PCF.
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To implement the SC source in the box, the third step (3) consisted of using
miniature optic building blocks for fibre-to-fibre coupling (FB-38W, Thorlabs) that
are mechanically stable. To maximise the coupling a doublet of ultrastable microp-
ositioning fibre collimators were used. The lenses were chosen to match best the
magnification needed to maximise the coupling efficiency. The focal lengths of the
two lenses used are respectively 7.5 mm and 11 mm (PAF-X-11-C and PAF-X-7-C,
Thorlabs). Manual coupling allows optimisation of the spectrum generated. A total
power transmission of∼30 %was obtained which is consistent with typical values.
Step number (1) (2) (3)
MOPA power (before isolator) [W] 2.1 1.7 1.7
Pump power (after isolator) [W] 1.8 1.1 1.1
Pump pulse duration** [ns] 1.9 2.2 2.2
Pump peak power* [kW] 37.9 20 20
Total SC power [mW] 400 370 220
Visible SC power [mW] 45 34 N/M
TABLE 4.2: Pump laser and SC source powers for the three first steps. N/M: not
measured. *: calculated. **: estimated from Fig. 4.24.
FIGURE 4.29: SC energymeasured for different bands in the visible centred at 500,
560, 600 and 700 nm, for the three steps.
To summarise the three first steps are: (1) free-space isolator and free-space cou-
pling on the optical bench, (2) fibre isolator and free-space coupling on the optical
bench and (3) fibre isolator and miniature free-space coupling. Table 4.2 presents,
for each step, different characteristical values. The visible power is measured by
using two visible mirrors (BB1-E02, Thorlabs) as filters. The pulse duration is esti-
mated from Fig. 4.24 and depends on the MOPA power (before the isolator). Fig-
ure 4.29 represents the energy measured for these three steps by using in addition
to the visible mirrors different bandpass filters centred at 500, 560, 600 and 700 nm
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FIGURE 4.30: Spectra of the MOPA output and of the pump laser (after the fibre-
based isolator) with an average power of 1.7 W and 1.1 W respectively, step (2).
The inset displays the spectrum around 1064 nm.
with a bandwidth of 15, 14, 14 and 13 nm, respectively (FF01-500/15-25, FF01-
560/14-25, FF01-600/14-25 and FF01-700/13-25, Semrock).
Free-space and fibre-based isolators have a similar transmission of ∼ 85 %. Us-
ing a fibre isolator simplifies the SC implementation in the box. However, it de-
mands several critical splices between the isolator fibres and standard 15 µm core
diameter fibres, and this at each end of the isolator. These splices add losses in
transmission and need to handle high power. The total transmission of the fibre-
based isolator is measured to be ∼ 65 %. It can be observed that similar SC powers
are generated at steps (1) and (2) (Table 4.2). At step (1) an estimated peak power of
∼ 38 kW is calculated. Therefore, the SCG is optimum (estimated maximum peak
power the tapered PCF can handle: ∼ 36 kW, see Table 4.1). Figure 4.30 represents
the spectra before (MOPA) and after the fibre-based isolator (pump). In addition
to filtering the spectrum edges, the isolator introduces a large drop of power at
1064 nm. This shows the distribution of transmission through the fibre-based isola-
tor and explains the low transmission (65 %). A pump peak power of only 20 kW is
estimated at step (2) (Table 4.2). The SCG is therefore less optimum than at step (1).
This can be observed by the decrease in the SC visible power from 45 mW down
to 34 mW and by the drop of visible energy (Fig. 4.29). The peak power is larger
than 10-15 kW at both steps thus a blue edge of 475 nm is observed, according to
section 4.1.2.
Building an all-fibre based SC source with no free-space beam would be ideal.
We therefore spliced the PCF to the fibre-based isolator following the procedure
mentioned above. A total power transmission of 60 % was measured which is
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FIGURE 4.31: SC spectra at step (2) and of the all-spliced SC with a pump power
of 1.1 and 2.7 W (675 and 1645 mW SC).
relatively high compared to the typical 30 % obtained for free-space coupling. Fig-
ure 4.31 presents the SC spectra at step (2) with a pump power of 1.1 W and for the
all-spliced SC with a pump power of 1.1 W (675 mW SC) and with much higher
power (2.7 W pump and 1645 mW SC). We observed that despite the high trans-
mission, the SCG is not optimised and exhibits a blue edge of 600-700 nm (475 nm
is expected, see Table 4.1). The mismatch of core diameters between the pump fibre
and the PCF may have been an issue for the splicing.
FIGURE 4.32: SC spectra at steps (2) and (3). Inset displays the spectrum between
400 nm and 900 nm.
We decided to use miniature opto-mechanics to couple the pump laser in free-
space into the PCF, denoted step (3). Between steps (2) and (3), we used a pump
power of 2.7 W to generate a more powerful SC with free-space coupling into the
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PCF. Unfortunately, the gain fibre burned because of too much heat generated in
the MOPA. The damaged fibres were cleaved and respliced. We believe that conse-
quently, the MOPA generates more ASE and thus the effective pump peak power is
lower. This can explain the large drop of SC power between steps (2) and (3) even if
the pump lasers have similar average power. Figure 4.32 represents the SC spectra
at steps (2) and (3). This decrease is observed as well in Fig. 4.29 with an energy
measurement at discrete wavelengths in the visible. However, it can be observed
that the energy at 500 nm is similar at steps (2) and (3). In the visible, the longer the
wavelengths, the larger the energy drop. This means that the coupling by using the
miniature opto-mechanical block was better at shorter wavelengths. These results
show that the transition from a setup based on an optical bench to a system in a
box, fibre-based and miniature is challenging. Almost half of the SC visible energy
was lost by moving from step (1) to step (3).
FIGURE 4.33: SC energy measured for different spectral bands in the visible cen-
tred at 500, 560, 600 and 700 nm for different PCF lengths, starting from the con-
figuration at step (3) and then with cutbacks of tens of centimetres.
Before implementing the optics in the box, and performing the SC collimation,
a cutback measurement of the PCF is performed to optimise the spectrum. A too
long PCF induces additional losses with no additional nonlinearities, a too short
PCF will not induce enough nonlinearities. The total SC power and the energy
in the visible taken with four different filters centred at 500, 560, 600 and 700 nm
(same filters as above) are measured. Starting from step (3), the PCF was then cut
down from the output edge of tens of centimetres at a time. Figure 4.33 presents
the energies measured for different lengths of PCF, where "-xx cm" means that xx
centimetres of PCF were cut off. The total SC power is measured and fluctuates in
the 205 mW to 220 mW range. It can be observed that removing 190 cm of PCF did
not change much the energy. However, a drop of energy of 10-18 % is observed
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after removing a total of 265 cm of PCF compared to step (3). The energy measured
at 600 nm for "-265 cm" seems incorrect. The cutback test was stopped here, this
is step (4). The energies measurements fluctuate within at least 5 % depending on
how the cleaving and the collapsing of the PCF edge were performed. Therefore, it
is difficult to estimate what is the optimumPCF length. Here, according to Fig. 4.33,
the visible energy would have been higher by cutting less than a metre of PCF. This
operation is critical because the PCF length cannot be restored.
The last step (5) consists of confining the source to the box and achieving the
collimation of the SC. This process introduces additional losses. Figure 4.34 rep-
resents the energy measured in the visible with different bands for the three last
steps of the packaging. The total SC power is ∼ 220 mW. Figure 4.35 represents the
pulse duration and its standard deviation (calculated over 250 pulses) for differ-
ent spectral bands of the final SC source. A pulse duration of 1-1.5 ns is achieved,
that respects the 1-10 ns required for PAM (section 2.2.5, chapter 2). The VARIA is
used as the filter here with a bandwidth of 10 or 15 nm. At a central wavelength of
500 nm and 550 nm, for a bandwidth of 10 nm, little visible light is transmitted. The
attenuated pump light at 1064 nm (pump filtered) is present in the output pulse.
Because of dispersion in the PCF, the visible pulse and the 1064 nm pulse travel at
different speeds, then the measured pulse duration was larger.
FIGURE 4.34: SC energy measured for different spectral bands in the visible cen-
tred at 500, 560, 600 and 700 nm for different steps of the process: miniature fibre-
based (3), after cutback (4) and in the box (5).
The development of a stable SC source is challenging, especially when the goal
is to maximise the energy at the edge of the spectrum (visible down to 500 nm).
This prototype had suffered from several damages. The gain fibre burned several
times at different positions which made the MOPA less efficient, generating more
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FIGURE 4.35: Pulse duration of different filtered bands of the SC with 220 mW
average power, in the box (5).
ASE, so less peak power, leading to narrower SCG. These damages were due to
back reflections from the output fibre that made the booster lasing instead of am-
plifying. A Q-switch spike releases most of the power stored in the booster in a
single high energy pulse, leading to fibre burn at the weakest part of the gain fi-
bre. The final scope of a fibre-based pump laser with 35 kW of peak power was
not achieved. Therefore, the expected optimum SCG has not been reached. It can
already be observed that using a bandwidth of 13-15 nm (bandwidth of the fil-
ters used above) is not sufficient for wavelengths shorter than 600 nm. By using a
wider bandwidth, more than 70 nJ can be nevertheless reached for sPA andMPAM.
The step (5) corresponds to the SC source in the box, no further modifications
will be performed to this system. In section 4.4.3, the expected power and energy
for OCT and MPAM, respectively, are presented. The characterisation of the source
is presented in sections 4.4.4 and 4.4.5.
4.4.3 Energy and power
In this section we present the energy and power achievable by the SC source in
the idea of using it for sPA, PAM, MPAM and OCT. Figure 4.36 shows the final SC
source (5) spectrum, expressed in nJ/nm and mW/nm. This curve is estimated by
considering that the total SC power: ∼ 220 mW corresponds to the integration of
the total SC spectrum (400-2300 nm). This procedure is the same with that used to
obtain Fig. 4.4 in section 4.1.2. This calibration was confirmed by comparing the
energy density to the energies measured for different known bands (Fig. 4.34).
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FIGURE 4.36: SC spectrum with a PRF of 25 kHz and 220 mW average power, at
final step (5).
The main spectral bands used for OCT are centred around 550 nm, 850 nm,
1050 nm and 1300 nm. A bandwidth of ∼ 100 nm is typically used for SC-based
OCT to ensure high resolution. 1050 nm OCT is not performed with SC sources
from NKT Photonics because of the remaining pump peak at ∼ 1064 nm that gives
high power. Table 4.3 presents the estimated power available for OCT at each band
mentioned above with a bandwidth of 100 nm. The power available for OCT to
achieve a determined axial resolution is presented in Table 4.4. These power levels
are sufficient to perform OCT on biological samples for each of these three bands.
These values are close to the MPE values reported in Fig. 2.25 in section 2.3.6 (chap-
ter 2). Therefore, this SC source is suitable for OCT in terms of power.
Central wavelength [nm] 550 850 1300
Average power [mW] 4.8 11.3 23
TABLE 4.3: Power estimated for the main OCT bands considering a 100 nm band-
width.
Central wavelength [nm] 550 850 1300
* Bandwidth [nm] 50 75 115
* Average power [mW] 2.4 8.7 26.5
** Bandwidth [nm] 23 37 57
** Average power [mW] 1.2 4.1 13
TABLE 4.4: Power estimated for the main OCT bands considering an axial resolu-
tion of *5 µm or **10 µm.
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The main regions of interest for sPA and MPAM are: 500-600 nm for blood
oxygen saturation measurements; 700-1000 nm for melanin; ∼ 1210 nm for lipids
and collagen imaging, according to Fig. 2.10 (section 2.2.7, chapter 2). Table 4.5
presents the estimated energies for each of these central wavelengths cumulated
over a bandwidth of 20 nm. A bandwidth of 20 nm is ideal for measuring blood
oxygen saturation without any overlapping of the different illumination bands, ac-
cording to section 2.2.7 (chapter 2). The extrema of haemoglobin absorption are
∼ 540, 560 and 580 nm. To differentiate lipids from collagen, a bandwidth of up
to 30 nm can be used without any overlapping between their absorption spectra.
50 nJ is often cited as the ideal energy on sample for MPAM in the visible, while
100 nJ is often cited for the IR. These values match as well the MPE values pre-
sented in Fig. 2.9 in section 2.2.5 (chapter 2). In Table 4.5, the bandwidths neces-
sary to achieve 50 nJ in the visible and 100 nJ in the IR are as well presented. For
MPAMusing wavelengths below 840 nm, the VARIA (see Appendix B.3) is an ideal
filter since it allows the selection of the bandwidth and central wavelength, see sec-
tion 4.3 for details about filtering for OCT and MPAM.
Central wavelength [nm] 540 560 580 800 1000 1210
Energy (20 nm bandwidth) [nJ] 33 45 55 86 110 187
Bandwidth for 50 nJ [nm] 29.3 20.9 16.8
Bandwidth for 100 nJ [nm] 21.8 18.2 9.4
TABLE 4.5: Energy estimated for each of themain PAMbands considering a 20 nm
bandwidth and the bandwidths necessary to achieve an energy of 50 nJ in the
visible and of 100 nJ in the IR.
This SC source presents enough power/energy to perform sPA, PAM, MPAM
and OCT on biological samples. 5 to 23 mW within a 100 nm bandwidth is achiev-
able for OCT. For sPA, PAM and MPAM, more than 50 nJ for a bandwidth of less
than 30 nm is estimated for a central wavelength longer than 540 nm andmore than
100 nJ in the IR within a spectral window narrower than 22 nm.
4.4.4 PRF influence
We studied the influence of the PRF on the SC source developed. Figure 4.37 repre-
sents the pump laser average power (after the isolator), as a function of the pump
diodes power. An efficiency of 13-23 % is measured, and a threshold of 0.5-1 W.
This average power corresponds to the power coupled into the tapered PCF. It can
be observed that the pump laser average power depends slightly on the PRF but
maintains similar values for PRFs higher than 100 kHz. Figures 4.38 and 4.39 show
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FIGURE 4.37: Pump laser average power for different output power of the pump
diodes and different PRFs.
FIGURE 4.38: SC average power for different output power of the pump diodes
and different PRFs.
respectively the SC average power and the PCF transmission at different PRFs and
powers. The PCF transmission is calculated as the ratio between the SC average
power and the pump laser average power. The PCF transmission increases with
the PRF. A transmission of 25-40 % corresponds to a coupling efficiency of typi-
cally 60-75 %. It can be observed that the PCF transmission decreases fast with
power for a PRF of 25 kHz. This behaviour is not observed for higher PRFs. The
measurements were first performed at 25 kHz, therefore, this abrupt decrease in
transmission at 25 kHz is due to thermal drift of components until stabilisation.
Figure 4.40 represents the SC spectra for different PRFs at maximum power (240-
720 mW depending on the PRF, corresponding to an output power of the pump
diodes of ∼ 7.85 W). The SCG is narrower when the PRF increases.
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FIGURE 4.39: Taper 10.7-5 PCF transmission for different output power of the
pump diodes and different PRFs.
FIGURE 4.40: SC spectra for different PRFs at maximum power.
The PRF-dependent changes observed in Fig. 4.39 and 4.40 are linked to the
changes in the pump laser peak power. The peak power is expressed as:
Ppeak =
Pav
∆T · PRF , (4.1)
where, Pav is the average power and ∆T the pulse duration. Table 4.6 presents di-
verse parameters measured for different PRFs at maximum power. The larger the
peak power, the broader the SC spectrum, according to section 3.1.4 (chapter 3).
Therefore, the lower the PRF, the broader the spectrum, confirmed by Fig. 4.40.
The broader the spectrum, the higher the losses in the PCF due to nonlinear effects.
This explains why the PCF transmission increases with the PRF. A peak power of
∼ 10 kW is sufficient to achieve a blue edge of 475 nm (similar value as seen in
Table 4.1, section 4.1.2). This is effectively observed for PRFs of 25 kHz and 50 kHz.
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PRF [kHz] 25 50 100 250 500 1 000 5 000
Pump average power [W] 1.02 1.3 1.64 1.72 1.74 1.78 1.86
Pump pulse duration** [ns] 2.3 2 1.65 1.56 1.53 1.5 1.48
Pump peak power* [kW] 17.7 13 9.9 4.4 2.3 1.2 0.25
SC average power [mW] 240 335 460 550 607 660 717
Experimental blue edge [nm] 475 475 525 600 700 800 1000
TABLE 4.6: Pump laser and SC parameters at maximum power for different PRFs.
*: calculated. **: estimated from Fig. 4.24, with 65 % transmission through the
isolator.
As explained in section 4.3, themain spectral bands of interest for sPA, PAMand
MPAM cover the visible range and are included in the 500-840 nm band (VARIA).
The 500-600 nm band is especially important for haemoglobin imaging and oxy-
gen saturation measurements. Therefore, by looking at the spectra presented in
Fig. 4.40, a PRF higher than 50 kHz is not suitable for visible PAM and MPAM.
OCT can employ several spectral bands, in our case we used 850 nm or 1300 nm
as the central wavelengths. By observing Fig. 4.40, a PRF up to at least 500 kHz is
usable. Using a PRF of 625 kHz, for instance, instead of 25 kHz, reduces the OCTA-




625/25), according to section 2.3.7 (chapter 2).
This SC source shows promising results for multimodal sPA-PAM-MPAM-OCT.
FIGURE 4.41: SC spectra at 100 kHz and 250 kHz before and after power enhance-
ment.
As expressed previously, at higher PRFs, the pump peak power is too low to
generate a broad SC spectrum. The power limitation of our source is mainly driven
by the MOPA limitations in peak power and average power. It is possible to in-
crease the pump laser power for higher PRFs, to obtain a higher peak power that
improves the SCG. We focused our efforts on PRFs below 250 kHz. However, the
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study can be extended to higher PRFs, but we were unsure on how much power
the MOPA can handle. Figure 4.41 presents the SC spectra at 100 kHz and 250 kHz
for two different pump laser powers: same as presented in Fig. 4.40, and enhanced.
Table 4.7 presents the different parameters before and after power enhancement. A
blue shift of the spectrum of approximately 50 nm is observed as a consequence of
increasing the peak power coupled into the PCF. For a PRF of 100 kHz, after power
enhancement, the peak power is larger than 10 kW. Consequently, the blue edge of
the SC spectrum reaches 475 nm, value similar to that achieved by using a PRF of
25 kHz or 50 kHz. Figure 4.42 shows the SC spectrum for PRFs lower than 250 kHz.
PRF [kHz] 100 250
Power enhancement? No Yes No Yes
Pump average power [W] 1.64 2.1 1.72 2.87
Pump pulse duration** [ns] 1.65 1.42 1.56 1.2
Pump peak power* [kW] 10.9 14.8 4.6 9.6
SC average power [mW] 460 536 550 836
Experimental blue edge [nm] 525 475 600 550
TABLE 4.7: Pump laser and SC parameters at 100 kHz and 250 kHz before and
after power enhancement. *: calculated. **: estimated from Fig. 4.24, with 65 %
transmission through the isolator.
FIGURE 4.42: SC spectra for different PRFs, after power enhancement for PRFs of
100 kHz and 250 kHz.
For PRFs lower than 100 kHz, light is generated at wavelengths shorter than
600 nm. A pulse duration of 1-10 ns with tens of kHz of PRF is achieved. Light is
generated at around 850 nm and 1300 nm for a PRF of up to 500 kHz-1MHz. There-
fore, according to sections 2.2.5 and 2.3.6 (chapter 2), this SC source is suitable for
sPA, PAM, MPAM and OCT in terms of spectral covering and PRF.
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4.4.5 Noise study
The pulse-to-pulse noise of the SC source is an important parameter since it in-
fluences the noise of both imaging modalities (PAM and OCT), according to sec-
tions 2.2.6 and 2.3.7 (chapter2). Some preliminary results were published as a con-
ference paper (Appendix A.4) [4]. In this section, the relative intensity noise (RIN)
was studied at different wavelengths along the SC. The SC visible band is filtered
by the VARIA (see section 4.3 and Appendix B.3) that offers tuneable central wave-
length and bandwidth. We used a bandwidth of 10 nm for the measurements and
central wavelengths every 50 nm from 500 nm to 800 nm. In the IR band of the
VARIA, filters every 100 nm from 900 nm to 1600 nm are used with 10 nm or 12 nm
bandwidth (FKB-IR-10, Thorlabs). Two noise studies have been conducted. The
first one is conducted on all the spectrum (500-1600 nm): the PRF of the source is
fixed to 25 kHz and we looked at the influence of the pump power by obtaining re-
sults for three different power levels. The second one is conducted at fixed power
for four different PRFs: 25 kHz, 100 kHz, 250 kHz and 500 kHz. Only the IR (900-
1600 nm) is studied here since too little energy is generated in the visible range at
higher PRFs.
RIN measurement methods
FIGURE 4.43: Superposition of 250 temporal pulses corresponding to a central
wavelength of 700 nm with a PRF of 25 kHz and a SC power of 220 mW.
To study the pulse-to-pulse noise of this SC source, the filters listed above were
used to select one spectral band at a time. For each band, a large number of pulses
were recorded with a fast photodiode (1801, New Focus in the visible and DET10C,
Thorlabs in the IR) and an oscilloscope. 250 pulses are registered with each filter
for the study at 25 kHz, and 195 for the PRF study. Figure 4.43 and 4.44 present a
superposition of 250 pulses recorded for a SC power of 220 mW and for a central
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FIGURE 4.44: Superposition of 250 temporal pulses corresponding to a central
wavelength of 1300 nm with a PRF of 25 kHz and a SC power of 220 mW.
wavelength of 700 nm and 1300 nm, respectively. A wavelength-dependent pulse
amplitude fluctuation can already be observed. For each of the two photodiodes,
the detected signal maximum value, no matter the central wavelength, is set to
approximately the same value, below the photodiodes saturation, ∼ 4 V. In this
way the noise of the photodiode is similar for all wavelengths, and was not taken
into consideration here. The source noise is expressed for each band as the RIN
which is calculated as the standard deviation of the light source power divided by





where, P is the power, P the average power and std(P ) the standard deviation of
the power, as defined by equation 3.9 (section 3.1.6, chapter 3).
We investigated three different approaches to measure the RIN. (1) We consid-
ered the peak-to-peak noise by taking P as the temporal pulse maximum value:
Ppeak. (2) We considered P as the integration of the pulse recorded over a fixed
duration (12 ns): Pint. (3) We considered P as the pulse integration from the mo-
ment the pulse starts until the amplitude goes back to zero: Ppulse. Method (3) is
used only in the visible because of the photodiode response, negative values are
observed (Fig. 4.43). Figure 4.45 illustrates the values taken for the three methods.
Figure 4.46 represents the SC RIN measured with the three different methods for
a PRF of 25 kHz with 220 mW of SC power. Similar results are obtained with the
different methods irrespective of power. The noise measurements presented in the
rest of the section (from Fig. 4.49) shows the RIN averaged over the different meth-
ods, (1-2-3) in the visible and (1-2) in the IR. The vertical error bars correspond to
the standard deviation of the RIN.
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FIGURE 4.45: Three different values considered to calculate the RIN, exemplified
using a temporal pulse at 700 nmwith a PRF of 25 kHz and a SC power of 220mW.
FIGURE 4.46: RIN calculated for the different methods (peak, integration, pulse)
corresponding to a SC power of 220 mW.
Influence of the pump power on the SC RIN
Figure 4.47 represents the total SC spectrum for a PRF of 25 kHz and different spec-
tra obtained after filtering. Each sub-spectrum corresponds to the SC filtered by a
single bandpass filter. The total SC power is 220mW. The peak observed at 1064 nm
corresponds to the remaining pump, and still observed after the filter centred at
1100 nm with 40 dB attenuation. This value corresponds to the OD 4 attenuation
given in the filter datasheet (FB1100-10, Thorlabs). Table 4.8 presents parameters of
the pump laser and of the SC for three power levels.
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FIGURE 4.47: Total SC spectrum at 25 kHz and after 10 nm or 12 nm bandpass
filters of various central wavelengths.
SC average power [mW] 68 153 220
Pump average power [mW] 220 602 912
Pump pulse duration** [ns] 2.66 2.5 2.4
Pump peak power* [kW] 3.3 9.6 15.2
Experimental blue edge [nm] 550 500 475
TABLE 4.8: Pump laser and SC parameters at 25 kHz for three different pump
powers. *: calculated. **: estimated from Fig. 4.24, with 65% transmission through
the isolator.
The average powers measured after each filter are presented in Fig. 4.48 for
three different power levels corresponding to a SC average power of 68mW, 153mW
and 220 mW. Figure 4.49 represents the average RIN with its standard deviation at
these three power levels. The standard deviations are relatively small, the different
methods deliver similar results. However, at 1300 nm with 220 mW SC, a standard
deviation of more than 50 % is obtained. This large difference between methods
(1) and (2) can be explained by the ’M’ shape of the temporal pulse (Fig. 4.44). The
maximum value alternates between two temporal positions with different ampli-
tude, so the result using Ppeak (method (1)) is biased. At 500 nm, too little power is
generated, most of the power comes from the non-filtered pump laser (1064 nm).
Therefore the results at 500 nm should not be taken into consideration. This is con-
sistent with what was observed with the increase of pulse duration in Fig. 4.35.
It can be observed that the noise is larger at the edges of the SC spectrum. This
observation correlates with what was explained in section 3.1.6 (chapter 3). The
RIN is linked to the SC spectra generation. The higher the pump peak power, the
broader the spectrum. A 475 nm blue edge is obtained at 220 mW since the pump
peak power is larger than the 10 kW required, (section 4.1.2). For a SC power of
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FIGURE 4.48: Average power of the light after filtering the SC by 10-12 nm band-
pass filters, for a PRF of 25 kHz with three different pump powers.
FIGURE 4.49: Average RIN of the pump laser (1064 nm) and the SC for three
different pump powers.
153 mW, with 9.6 kW of pump peak power, slightly less power is generated at the
edges of the spectrum. This can be observed in the visible and in the IR at 1600 nm
in Fig. 4.48. For a SC power of 68 mW, it can be clearly observed that less light is
generated in the visible and above 1400 nm. As a direct consequence, the RIN of the
SC at 68mW is larger than at 153mWon the edges of the spectrumwhere little light
is generated. The RIN is lower in the central part of the spectrum (650-1100 nm),
because the pump laser is more stable at lower power (Fig. 4.49). At 220 mW and
at 153 mW, similar RIN values are expected in the central part of the spectrumwith
some decrease at the edges. This is confirmed in the IR, where similar RIN levels
are measured, with a slight decrease on the edge, at 1600 nm. However, in the vis-
ible, a large offset (∼ 5 %) between the two curves is observed. Towards shorter
wavelengths, the offset decreases, confirming that the noise at shorter wavelengths
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is improved, regardless of the offset. We believe that the offset is due to the large
pump laser instability at higher power, see explanations below.
The pump RIN is presented in Fig. 4.50 as a function of the power, as well as the
RIN of the laser seed (DMD of 4.2 µW average power). The pump RIN increases
almost exponentially with the power above a certain threshold. The SC noise may
be directly influenced by the pump noise (according to section 3.1.6, chapter 3).
This is manifested in the visible as an offset (Fig. 4.49). However, in the IR, no large
offset is observed. In addition to the pump RIN strongly increasing with power, we
observed that sometimes the pump output power has varied significantly, with up
to 50 % variation. This was observed at 25 kHz only, and not at higher PRF values.
FIGURE 4.50: Average RIN of the seed (DMD from IPS) and of the pump laser at
three different powers: 220 mW, 602 mW and 912 mW.
FIGURE 4.51: Average RIN of the seed, the pump laser and the IR band of the SC,
corresponding to a SC power of 220 mW. Two iterations of the RINmeasurements
are presented here.
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We believe that this is due to relaxation oscillations in the amplifier for high power
[162–164]. We distinguish different regimes of operation: (i) stable pump, observed
in the IR RIN measurements of the 220 mW SC in Fig. 4.49; (ii) unstable pump, ob-
served in the visible RIN measurements of the 220 mW SC in Fig. 4.49, correspond-
ing to a RIN offset. The source has been turned off and on between the visible and
IR RIN measurements. Therefore the source could have changed regime between
the twomeasurements. Figure 4.51 shows two iterations of the seed RIN, the pump
RIN and the SC RIN in the IR, a 220 mW SC with a PRF of 25 kHz. The first itera-
tion corresponds to the measurements presented in Fig. 4.49. The second iteration
follows the same protocol. Different SC RIN are obtained for two iterations of the
same measurements. The seed RIN is similar in both cases, we therefore believed
that the seed in stable. Two really different values were obtained for the pump
RIN. We can conclude that the SC instability is due to the pump laser behaviour,
operating in a stable or unstable regime. Unfortunately, a new prototype is needed
with potentially a new MOPA configuration to accommodate a stable pump laser
with high power at 25 kHz.
Influence of filters bandwidth on the SC RIN
∼ 10 nm bandpass filters are used for the SC RIN measurements. When using SC
sources for sPA, PAM or MPAM, the bandwidth of the spectral bands used as the
excitation light can be changed by using the filter VARIA. By increasing the band-
width of the filter, higher energy is obtained. Figure 4.52 represents the SC RIN in
the visible for a 220 mW SC and a PRF of 25 kHz by using two different bandwidths
FIGURE 4.52: Average SC RIN in the visible using different filtering bandwidths
(10 and 15 nm) corresponding to a SC power of 220 mW.
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for the filtering: 10 nm (data extracted from Fig. 4.49) and 15 nm. As explained pre-
viously, at 500 nm with a bandwidth of 10 nm, too little power was transmitted
through the filter, resulting in faulty measurements. This is also slightly observed
at 550 nm. However, with a 15 nm bandwidth enough power is generated. The RIN
measurements are giving correct values. As explained before, the RIN is effectively
increasing towards shorter wavelengths, at the edge of the spectrum (section 3.1.6,
chapter 3). Otherwise, similar RIN is obtained for 10 nm and 15 nm bandwidths.
Influence of the PRF on the SC RIN
The SC source presented in this chapter is meant to work at large PRFs for OCT. To
perform OCT at 850 nm or at 1300 nm, a PRF of up to 500 kHz is usable to obtain
sufficient power, according to section 4.4.4. Table 4.9 presents the pump laser and
the SC source parameters, for different PRFs, used in this section. Figure 4.53 rep-
resents the SC spectrum for different PRFs: 25, 100, 250 and 500 kHz at high power
by using the same pump diodes output power. Figure 4.54 represents the average
power of the light after filtering the SC through the different IR bandpass filters
PRF [kHz] 25 100 250 500
SC average power [mW] 220 396 465 514
Pump average power [W] 912 1.38 1.42 1.45
Pump pulse duration** [ns] 2.4 1.9 1.85 1.84
Pump peak power* [kW] 15.2 7.3 3.1 1.6
Experimental blue edge [nm] 475 525 600 700
TABLE 4.9: Pump laser and SC parameters for different PRFs at maximum pump
power. *: calculated. **: estimated from Fig. 4.24, with 65 % transmission through
the isolator.
FIGURE 4.53: SC spectra for different PRFs and at maximum pump power.
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FIGURE 4.54: Average power of the light after filtering the SC by 10-12 nm band-
pass filters in the IR for different PRFs and at maximum pump power.
FIGURE 4.55: Average RIN of the SC in the IR for different PRFs (25, 100, 250 and
500 nm) and at maximum pump power.
listed above and used for the RIN measurements. By increasing the PRF, the pump
laser peak power decreases (Table 4.9), leading to narrower SCG, with less power
at the edges of the spectrum and more power at wavelengths closer to 1064 nm
(pump wavelength). The RIN study in the visible is not relevant here since little or
no visible light is generated at higher PRFs. We used the same methods as previ-
ously in the IR (methods (1) and (2): Ppeak and Pint). Figure 4.55 represents the RIN
at high power for four different PRFs (no power enhancement here). The SC RIN
at 25 kHz is relatively flat over the IR range compared to the RIN at higher PRFs. It
can be clearly observed that by increasing the PRF, the RIN at the edge of the spec-
trum increases, especially when looking at 100, 250 and 500 kHz for wavelengths
longer than 1200 nm. This behaviour is a direct consequence of narrower SCG due
to lower peak power at higher PRFs (according to section 4.4.4). The seed RIN and
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the pump RIN are presented in Fig. 4.56 for different PRFs. The seed RIN is low
and increase slightly with the PRF. For a PRF of 100, 250 or 500 kHz, the pump laser
is stable with a RIN similar to the seed RIN. At 25 kHz, a pump RIN of ∼ 15 % (or
∼ 7.5 % in Fig. 4.51) is measured, which is 10 times (5 times) larger than for higher
PRFs. These results confirm that the pump laser is unstable at 25 kHz.
FIGURE 4.56: Average RIN of the seed and of the pump laser for different PRFs
(25, 100, 250 and 500 nm) and at maximum pump power.
We can conclude that the SC source RIN is linked to the SCG process, which
confirms the expectations described in section 3.1.6 (chapter 3). The noise increases
at the edges of the SC spectrum and the narrower the SC spectrum, the higher the
RIN at the edges of the spectrum. At short wavelengths, in the visible, this phe-
nomenon was observed by varying the SC power at a fixed PRF (Fig. 4.49). For
longer wavelengths, in the IR, this was also observed by varying the SC power
(Fig. 4.49) and clearly observed by increasing the PRF (Fig. 4.55). In fact, the most
important parameter for SCG is the pump peak power, and thus this parameter
influences the RIN. Here we have presented two ways of varying the peak power
of the pump laser: changing the pump average power or changing the pump PRF.
We have observed as well that the SC RIN is directly influenced by the pump RIN.
Section 4.4.4 shows promising results for our SC source in terms of spectrum, PRF
and pulse duration. However, by studying the noise properties of the source, we
discovered some instabilities of the pump laser at 25 kHz but not at higher PRFs.
Building a "slow" (25 kHz) MOPA-based pump laser was not as easy as expected.
Further developments would be required to build a more stable pump laser. Nev-
ertheless, the SC source shows promising results to operate at higher PRFs. A RIN
of less than 10 % in the IR is obtained for a PRF up to 500 kHz. The SC RIN is
compared to commercially available SC sources in section 4.5.
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4.5 Comparison of supercontinuum sources
PAM requires 1-10 ns pulse duration and a PRF of tens of kHz. Energies larger
than 50 nJ, ideally 70-100 nJ, are typically required for imaging biological samples,
according to section 2.2.7 (chapter 2). The SuperK COMPACT from NKT Photonics
(datasheet in Appendix B.2) has a pulse duration of 2.6 ns and a PRF of maximum
20 kHz. It is currently the commercial SC source that offers the largest energy den-
sity in the visible, and this would be useful for sPA, PAM andMPAM. Therefore, in
this section we present a comparison between the fibre-based SC source developed
characterised in this chapter and the SuperK COMPACT. Both source are used for
sPA measurements, PAM, MPAM and OCT imaging in chapter 5.
The SuperK COMPACT delivers an average power of ∼ 110 mW for a PRF
of maximum 20 kHz, while the fibre-based SC source has an average power of
220 mW for a PRF of minimum 25 kHz. Figure 4.57 presents the spectrum of these
two SC sources. The SuperK COMPACT presents a flatter spectrum compared to
the fibre-based SC source, with a better SCG. A lot of energy is left at the pump
wavelength (1064 nm) for the fibre-based SC. This is consistent with what was re-
ported in sections 4.2 and 4.4.2. The pump laser generates a large amount of ASE
that does not generate any SC but is only transmitted through the fibre. Therefore,
even if the fibre-based SC delivers double the power of the SuperK COMPACT, the
SCG is lower. The fibre-based SC source and the SuperK COMPACT offer similar
energy densities in the 500-700 nm range. This observation is confirmed in Fig. 4.58
that represents the energies measured for both SC sources by using four different
bandpass filters similar to those used in section 4.4.2. To achieve 50 nJ, a bandwidth
of approximately 50 nm is required for a central wavelength of 500 nm; ∼ 22 nm at
560 nm; ∼ 15 nm at 600 nm; ∼ 13 nm at 700 nm.
Both sources present enough energy to perform sPA, PAMorMPAM.More than
50 nJ is achieved by using a spectral band narrower than 50 nm, even if ideally 70-
100 nJ is requested within a less than 20 nm bandwidth. Each source has its own
advantages and disadvantages. The SuperK COMPACT is commercially available,
of high reliability and cost-effective. However, it offers a maximum PRF of 20 kHz
which limits the imaging speed. This source presents a large pulse-to-pulse fluctu-
ation. The advantage of the fibre-based SC source is the possibility to use higher
PRFs (25-500 kHz) for OCT in the IR. Therefore, either the imaging speed can be
increased or the OCT noise reduced. This fibre-based SC presents good capabili-
ties, even if further developments are required to increase the energy and produce
a stable source.
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FIGURE 4.57: Comparison between the SC spectra of the fibre-based SC devel-
oped (25 kHz PRF) and of the SuperK COMPACT (20 kHz).
FIGURE 4.58: Comparison of energies measured for different bands in the visible
centred at 500, 560, 600 and 700 nm between the fibre-based SC developed and the
SuperK COMPACT.
The pulse-to-pulse fluctuations (RIN) of the fibre-based SC source for different
PRFs are compared to the RIN of the SuperK COMPACT and of the SuperK OCT.
The SuperK OCT presents ps pulses so cannot be used for PAM. However, with a
PRF of 320 MHz, this SC source is used for OCT imaging. Figure 4.59 presents the
RIN comparison. The SuperK OCT presents larger noise than the other sources,
while the SuperK COMPACT and the fibre-based SC source, for PRFs of 25 kHz,
100 kHz and 250 kHz have similar noise. Nevertheless, the SuperK OCT presents
a PRF of 320 MHz which is faster than the SuperK COMPACT (20 kHz) and the
fibre based SC (25-500 kHz). Therefore, for OCT imaging, according to section 2.3.7
(chapter 2), more pulses can be used for a fixed imaging rate, and the OCT noise
is linked to RIN/
√
PRF . Figure 4.60 represents this value for the different SC
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sources. The SuperKOCT is the best source in terms of noise for OCT. However, the
fibre-based SC, for a PRF of 100-250 kHz, presents a noise 4 times larger only. The
SuperK COMPACT and the fibre-based SC present similar values. For PAM imag-
ing, nanosecond pulses are required and the noise follows similarly RIN/
√
PRF ,
according to sections 2.2.5 and 2.2.6 (chapter 2). The SuperK OCT presents a pulse
duration of few picosecond, and thus cannot be used for PAM. In terms of noise,
the fibre-based SC with 100-500 kHz presents promising results for PAM in the IR.
FIGURE 4.59: RIN comparison between the fibre-based SC developed (25-500 kHz
PRF), the SuperK COMPACT (20 kHz) and the SuperK OCT (320 MHz).
FIGURE 4.60: Noise influence on OCT and PAM, comparison between the fibre-
based SC developed (25-500 kHz PRF), the SuperK COMPACT (20 kHz) and the
SuperK OCT (320 MHz).
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4.6 Summary and conclusions
The motivation of the results presented this chapter was to develop a SC source
suitable for sPA, PAM, MPAM and OCT. A pulse duration of several nanoseconds,
a PRF of minimum tens of kHz and more than 50 nJ within a bandwidth of less
than 20 nm for wavelengths longer than 500 nm is ideally required, according to
section 2.2.7 (chapter 2). Several hundreds of kHz is ideally requested for OCT, ac-
cording to section 2.3.6 (chapter 2).
Currently, the SuperKCOMPACT (see Appendix B.2) is the SC source that offers
the highest energy for sPA, PAM and MPAM (nanosecond pulse duration and kHz
PRF). 50 nJ is achievable at 500 nm with a bandwidth of 50 nm while a bandwidth
of less than 15 nm is sufficient at 700 nm. Figure 4.61 presents the energy of the
SuperK COMPACT in comparison to three different SC sources presented in this
chapter. The energy is measured by using different bandpass filters with a central
wavelength of 500, 560, 600 and 700 nm and a bandwidth of 15, 14, 14 and 13 nm re-
spectively (FF01-500/15-25, FF01-560/14-25, FF01-600/14-25 and FF01-700/13-25,
Semrock).
FIGURE 4.61: Energy comparison between the SuperK COMPACT, the SC consist-
ing of the Elforlight pump and the 10.7-5 taper PCF, the fibre-based pump laser
and the 10.7-5 taper PCF before (1) and after (5) packaging, measured for different
bands in the visible centred at 500, 560, 600 and 700 nm. †: estimated.
The SuperK COMPACT uses the SC-5.0-1040 PCF, the pump laser presents a
pulse duration of ∼ 1.8 ns with 15 kW peak power which is just below the dam-
age threshold of that PCF. A novel PCF design was used to enhance the SC power,
the taper 10.7-5 PCF characteristics were presented in section 4.1. The tapered PCF
can handle up to 35 kW of peak power. By using a solid-state laser from Elforlight
with 4 ns pulse duration as the pump, the SC energy is expected to improve by a
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factor of ∼ 5.2. A factor of 4.5 is measured for the energy at 700 nm, and up to 6
at 500 nm, according to Fig. 4.61. A PRF of 1 kHz is achieved by this SC source,
which is limiting the imaging speed. Therefore we developed a fibre-based pump
laser to generate a SC with a higher PRF. The development of the pump laser is
presented in section 4.2. The pump laser operates at a PRF of 25 kHz, a pulse du-
ration of ∼ 1.9 ns and a peak power of ∼ 35 kW. The 10.7-5 taper PCF is used to
generate the SC, with a free-space isolator and free-space coupling on an optical
bench, named fibre-based SC (1). According to Fig. 4.61, the energy dropped by a
factor of 2-2.5 compare to the Elforlight-based SC source, which is approximately
proportional to the variation in the pulse duration (2.1). This SC source is destined
to sPA measurements, PAM, MPAM and OCT imaging at a different place, there-
fore the development of a portable, robust system was necessary. The packaging
process was presented in sections 4.4.1 and 4.4.2. The resulting SC (5) energy is
presented in Fig. 4.61. Unfortunately, during the packaging process diverse dam-
ages and external limitations reduced the SC energy by a factor of approximately
2. This system has the same energy as the SuperK COMPACT between 500 nm and
700 nm. However, the SuperK COMPACT offers a PRF of maximum 20 kHz while
the SC source developed has the advantage of offering a PRF of more than 25 kHz.
For a PRF of 25 kHz, enough visible light is generated (down to 475 nm) for sPA,
PAM and MPAM, while higher PRFs comes at the cost of a narrower SC spectrum.
A PRF up to 500 kHz can be used for OCT at 850 nm or 1300 nm with enough
power and similar noise properties, according to Fig. 4.53, 4.54 and 4.55. Using a
PRF of 500 kHz instead of 25 kHz will increase the imaging speed and/or improve
the noise properties by a factor of
√
20 ∼ 4.5 maximum. A higher PRF could be
beneficial for OCT.
We have presented the development of a portable SC source that can deliver
pulses with a duration of few nanoseconds at a PRF of 25 kHz, with a spectrum
extending for 475 nm to 2300 nm (Fig. 4.36). The higher the PRF, the narrower the
spectrum emitted. At 25 kHz, to obtain more than 50 nJ in the visible, a bandwidth
of 15-50 nm is required. OCT requires bandwidths in excess of tens of nanometres.
For instance using a bandwidth of 100 nm, ∼ 5 mW can be obtained at 550 nm,
∼ 11 mW at 850 nm and ∼ 22 mW at 1300 nm. Such values are compatible with
the typical power used for OCT at these wavelengths. Further development would






The work presented in this chapter focuses on combining optical coherence tomog-
raphy (OCT) and photoacoustic microscopy (PAM). These imagingmodalities offer
complementary information: structure and function, respectively. The focus here is
on using a single supercontinuum (SC) source for both imagingmodalities. The use
of a SC source for PAM allows tuneability of the excitation wavelength. Therefore,
spectroscopic photoacoustic (sPA) measurements can be performed to measure the
absorption spectrum of an absorber and e.g. to measure blood oxygen saturation.
By using different spectral bands, different absorbers are distinguishable within
the same sample by multispectral PAM (MPAM). Using the same light source for
PAM and OCT facilitates the implementation of a dual modality system and the
synchronisation between the different imaging modalities. High axial resolution in
the OCT modality can be achieved by using a SC source.
In this chapter, different systems are presented using a SC as the light source:
sPA, PAM-OCT and MPAM-OCT. The systems characteristics are presented in sec-
tion 5.1. Different samples were used to demonstrate the capabilities of the multi-
modal systems. Samples were chosen that exhibit absorption within the SC excita-
tion bandwidth in order to demonstrate the usefulness of such optical sources for
sPA and MPAM. To show the advantages of using OCT in parallel to PAM, those
samples are selected that have a structural information that can be detectable due
to their scattering properties. sPA measurements are presented in section 5.2 on in-
vitro blood andmelanin, as well as on three different dyes (Rhodamine B, Malachite
Green and Indocyanine Green (ICG)). Section 5.3 presents the images obtained by
performing OCT and PAM or MPAM on the same sample. Volumes are presented
for both modalities. PAM/MPAM is performed in the visible (475-840 nm), while
near-infrared/infrared (NIR/IR) (850 nm or 1310 nm) is used for OCT. Finally, a
summary and conclusions are given in section 5.4.
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Part of the work presented in this chapter was performed at Northwestern Uni-
versity with the help of Xiao Shu. The implementation of the SC source and the ac-
quisition of the data were achieved by both Xiao Shu and myself. We have as well
performed together the data analysis presented in our paper [2], see Appendix A.2.
However, the additional results presented in this chapter results frommy own anal-
ysis. The other part of the work presented in this chapter was conducted by myself
at the University of Kent between July 2016 and September 2017. Most of this work
has been published in [3, 5], see Appendix A.3 and A.5.
5.1 sPA-PAM-MPAM-OCT setups
Three different setups were used. Visible light is used for PAM and NIR/IR light
for OCT. The first two setups were adapted from existing setups at Northwestern
University. The SC source presented in chapter 4 was implemented. The last setup
was built at the University of Kent and designed especially to accommodate the
use of a single SC source for sPA-PAM-MPAM and OCT, where a SuperK COM-
PACT (Appendix B.2) was used. The SC sources used here present an unpolarised
output. Such source can be used for polarisation-sensitive OCT, however such com-
plexmeasurements have not been considered here. A customised unfocused needle
ultrasonic transducer (∼ 35 or 40.3 MHz central frequency, ∼ 90 % bandwidth at
-6 dB, 0.4 mm diameter active element, University of Southern California) is used
in all three setups. The specifications of the transducers used at Northwestern Uni-
versity and at the University of Kent are slightly different, the main difference is
their central frequency. The specifications of the transducer used at the University
of Kent are presented in Appendix C. The three setups used in this chapter are pre-
sented in this section. All sections are structured in a way that, a sketch of the setup
is first presented, then the light source used is introduced, the setup configuration
and the signal processing are explained, and finally, if necessary, a characterisation
of the system is given. Sections 5.1.1 and 5.1.2 presents the sPA setup and the PAM-
OCT setup, respectively, used at Northwestern University. Section 5.1.3 presents
the setup built at the University of Kent that accomodates sPA, PAM, MPAM and
OCT.
5.1.1 Spectroscopic PA setup
This setup was used to perform sPA measurements on in-vitro/ex-vivo samples
such as porcine retinal pigment epithelium (RPE) and bovine blood. The setup
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was originally designed for sPA using different laser sources, we adapted it to use
a single SC source as the excitation. Figure 5.1 is the sketch of the setup.
FIGURE 5.1: Sketch of the setup used for spectroscopic photoacoustic at North-
western University. AMP: electrical amplifier, BS: 50/50 beam splitter, DP: disper-
sive prism, IS: integrating sphere, M: mirrors (rM: removable mirror), Obj: objec-
tive lens, PH1, PH2: pinholes. ⋆ Triggered together.
Light source
The fibre-based SC source presented in chapter 4 is used with a PRF of 25 kHz.
The SC source was damaged during the shipment and repaired in the best way
possible. The SC source (5) had a power of 220 mW before shipment, but only
110 mW was reached at Northwestern University with ∼ 15 mW of visible power.
FIGURE 5.2: SC energy measured for different bands in the visible centred at 500,
560, 600 and 700 nm before shipment (5), after shipment and on the sample.
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(a) SC energy measured on sample for different central wavelengths using the
prism with pinholes as a filter in comparison to the spectral shape of the beam
before filtering.
(b) Energy density and bandwidth of different spectral bands.
FIGURE 5.3: Characterisation of the spectral bands generated by rotating the
prism DP.
Figure 5.2 represents the SC energy using the same filters as in section 4.4.2 (FF01-
500/15-25, FF01-560/14-25, FF01-600/14-25 and FF01-700/13-25, Semrock). The
energies are presented for the SC source before shipment, corresponding to step (5)
of section 4.4.2 (chapter 4), after shipment to Northwestern University (NU) and
on the sample using the setup described in this section. A pair of visible mirrors
permits selection of our region of interest (< 900 nm), where the spectrum obtained
is presented in black in Fig. 5.3a. The amplitude of this curve is arbitrary. To per-
form sPA, a rotating prism in combination with a pinhole is added to filter the SC
source, see section 4.3 with Fig. 4.25 (chapter 4). The energy on sample for dif-
ferent central wavelengths at maximum power is presented as well in Fig. 5.3a.
Central wavelengths situated between 500 nm and 800 nm are used. Figure 5.3b
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presents the energy density of the different bands and the bandwidth as a function
of the spectral band central wavelength. It can be observed that by using a rotating
prism, the bandwidth of the filter depends on the central wavelength. The band-
width increases from 8.5 nm at 500 nm to 30 nm at 800 nm. In addition, the prism is
manually rotated which made the selection of the central wavelength difficult and
slow. An integrative sphere with a spectrometer (USB2000+, Ocean Optics) and a
powermeter are used to choose the central wavelength and measure (calibration
carried out upfront) the power on sample each time. The use of such a filtering
approach gives∼ 40-45 % transmission while bandpass filters have usually a trans-
mission of more than 90 % within the transmitted band. According to section 2.2.7
(chapter 2), with less than 10 nJ per spectral band, MPAM cannot be performed on
in-vivo samples. However, with a bandwidth of less than 20 nm in the 500-600 nm
spectral range, sPA measurement on blood can be performed for instance.
Setup
The PA channel was implemented on a microscope and used in transmission. The
excitation light comes from below. Two telescopes are implemented to increase the
beam diameter to match the aperture of the objective lens (Plan Apo Infinity 10X,
Mitutoyo). No scanning of the sample is performed here. The sample is positioned
on a glass microscope slide (∼ 1 mm thickness). The transducer is mounted above
the sample on the three-dimensional translational stage to facilitate its alignment.
The transducer is placed in a drop of water, positionned on the top of the sample, to
allow coupling of the ultrasound waves generated. The microscope is used to place
the sample in focus, to select the position of the sample targeted and to optimise
the alignment of the transducer. The electronic signal generated by the transducer
is amplified (∼ 37 dB) and measured with an oscilloscope.
Signal processing
For each excitation band, the average PA signal amplitude from 32 acquisitions is
recorded. Figure 5.4 represents the relative intensity noise (RIN) of the light for
the different bands. A spectrometer (USB2000+, Ocean Optics) is used to record
100 spectra corresponding each to an integration time of 10 ms (32 acquisitions
= 1.28 ms). The spectrum is relatively stable over time and will not influence much
the averaged PA signal recorded (section 2.2.6, chapter 2), the measurement uncer-
tainty is larger.
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FIGURE 5.4: RINmeasurement of the SC source for different spectral bandwidths.
(a) Example of PA signal with its envelope (Temporal).
(b) Example of the absolute value of the PA signal FFT
and a perfect Gaussian curve (Spectral).
FIGURE 5.5: PA from black tape obtained using an excitation band centred at
600 nm.
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Figure 5.5a is an example of a PA signal recorded with black tape as the sample
and an illumination band centred at 600 nm, with its envelope taken as the ab-
solute value of its Hilbert function. Figure 5.5b represents the PA signal absolute
fast Fourier transform (FFT). A Gaussian curve is shown with a central frequency
of 35 MHz and a full width at half maximum (FWHM) of 31.5 MHz (90 % of the
central frequency). These values correspond to the transducer characteristics. This
curve interpolates well with the curve deducted from the PA signal recorded. More
details about the transducer and the signal processing are given in Appendix C
and section 2.2.4 (chapter 2). Figure 5.6 represents the PA signal amplitude mea-
sured for different excitation energies at 600 nm with black tape as the sample. The
transducer response amplitude is increasing linearly with the energy on sample
(for a given absorption) and this happens regardless of the excitation wavelength
since it is sensitive to ultrasound signals only. As presented in Fig. 5.3a, the en-
ergy on sample varies with the wavelength used, therefore when performing sPA,
it is taken into consideration. The values presented for sPA measurements corre-
spond for each wavelength to the amplitude of the PA signal envelope divided by
the energy on sample. The spectrum obtained is then normalised over its maxi-
mum value and compared to the absorption spectrum of the sample measured in
transmission with white light illumination and a spectrometer (USB2000+, Ocean
Optics), or taken from the literature.
FIGURE 5.6: Normalised PA signal of black tape obtained using different energies
using an excitation band centred at 600 nm.
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5.1.2 PAM-OCT setup
PAM and OCT can be performed simultaneously or consecutively by using a sin-
gle light source in a combined system. By using a SC source, a different spectral
band can be used for each modality. The SC source used in section 5.1.1 is used
here as well. The energies available for sPA presented in Fig. 5.3a are not sufficient
to perform MPAM on biological samples. The imaging range would be limited to
few micrometres and little signal will be detected. Therefore, only PAM and OCT
are performed. Figure 5.7 is a sketch of the setup. Both modalities have been char-
acterised, then the system has been used to image a mouse ear in-vivo. By using
visible light for PAM, the blood vessels are exclusively imaged, near-infrared (NIR)
light is used for OCT to image the structure of the ear. The results are presented in
section 5.3.3.
FIGURE 5.7: Sketch of the setup used for PAM-OCT at Northwestern University.
AMP: electrical amplifier, C: 50/50 coupler, DC: dispersion compensation, DM1,
DM2, DM3: dichroic mirrors, L: collimation lenses, M: mirrors, Obj: objective lens,
PC: polarisation controller, PH: pinhole, T: telescope to adjust the focus on sample.
⋆ Triggered together.
Light source
As shown in Fig. 5.7, dichroic mirrors are used to separate the SC spectrum in a
visible band (500-700 nm) and a NIR band (800-900 nm) for PAM and OCT, respec-
tively. The visible band has a short wavelength edge of ∼ 500 nm due to the blue
edge of the SC source, the longer wavelength edge is determined by the dichroic
mirror (DM1) cut off wavelength (775 nm). The NIR band consists of the band
transmitted by DM1 and reflected by DM2 that presents a cutoff wavelength of
950 nm.
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Setup
The NIR band is coupled into a 50/50 fibre coupler (FUSED-22-850, OZ optics)
which splits the beam into a sample arm and a reference arm. The light scattered
back from the sample interferes with the light reflected by the mirror in the ref-
erence arm, a homebuilt spectrometer is detecting the signal. The spectrometer
consists of a diffraction grating (1200 lines/mm @ 840 nm, Wasatch Photonics), a
focusing lens (AC508-150-B, Thorlabs) and a line camera (spL2048-140km, Basler).
The visible beam used for PA excitation and the NIR beam used for OCT are com-
bined by a dichroic mirror (DM3, cutoff wavelength 785 nm) then, reflected by a
pair of galvo-scanners (QS-7, Nutfield Technology) that allow transversal scanning
and, focused on the sample by an objective lens of 30 mm focal length (AC254-
030-B, Thorlabs). Glass is introduced in the OCT reference arm to compensate for
dispersion introduced in the sample arm. A telescope permits to adjust the focus in
depth (vertical) of the visible beam on the sample to be superposed to the NIR fo-
cal position. 10 mW of light is measured after filtering (after DM1 and DM2) in the
visible band and 6 mW in the NIR band. However only 3 mW (120 nJ) is measured
on sample for PAM (visible band) and 0.25 mW for OCT (NIR) due to losses in the
setup. These values are below the MPE, according to section 2.2.5 (chapter 2). Fig-
ure 5.8 represents the spectra of the visible and the NIR bands after filtering and of
the visible band on sample. The sample is mounted on a three-dimensional trans-
lational stage that allows alignment to choose the imaged area. A specific holder
can be implemented to accommodate the mouse when the imaging of its ear is per-
formed. The same transducer as that in section 5.1.1 is used here with the electrical
amplifier. A drop of water is added on the surface of the sample to allow cou-
pling of the ultrasound signals generated with the transducer. The transducer is
FIGURE 5.8: Spectra of the visible and the IR bands after DM1 and DM2
respectively, and of the visible band on sample.
Chapter 5. Multimodal imaging using supercontinuum sources 127
mounted on a three-dimensional translational stage to optimise its alignment. The
system performs in reflection and not in transmission like in section 5.1.1.
Signal processing
The PA signal is digitised at 200 MHz and recorded by an acquisition card (CS1622,
Cage). An analogue output board (PCI-6731, National Instruments) was used to
synchronise the raster scanning, the PAM and OCT acquisitions with the trigger
of the SC source. Because of the limited amount of analogue outputs, PAM and
OCT could not be performed simultaneously. The source is operated with a PRF
of 25 kHz and synchronised with the scanners that give an A-scan rate of 5 kHz.
The exposure time of the spectrometer is fixed to 190 µs and synchronised with the
scanning. At each position, the PAMA-scan is taken as the average of five consecu-
tive A-lines. Each A-line is the absolute Hilbert function (envelope) of the temporal
electrical signal (see details of signal processing in section 2.2.4, chapter 2). For
OCT, the light from five pulses is integrated to obtain an A-scan. The signal re-
construction for OCT is based on the use of a FFT (section 2.3.5, chapter 2). The
algorithm was developed by the group of professor Hao F. Zhang at Northwestern
University.
Characterisation
The theoretical axial and lateral resolutions of PAM and OCT are calculated by us-
ing formula 2.2, 2.4, 2.17 and 2.19 (chapter 2), respectively. The numerical aperture
is defined for each spectral band by:
NA =
φ
2 · f , (5.1)
where φ is the beam diameter before the objective lens of focal length f . Here,
f = 30mm. φ depends on the spectral band used, and is estimated to be∼ 2.5 mm
for the visible band and ∼ 1.8 mm for the NIR band. In the visible, a telescope
magnifies by a factor two the beam collimated at the output of the SC source that
Imaging modality PAM OCT
Theoretical lateral resolution [µm] 8 10.5
Experimental lateral resolution* [µm] 8.8 13.9
Theoretical axial resolution [µm] 42 4.25
Experimental axial resolution [µm] 51 4.6
TABLE 5.1: Theoretical and experimental resolutions. *: taken as twice the line
width of the smallest element resolved on a USAF target.
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(a) (b)
FIGURE 5.9: (a) OCT of a paper 1951 USAF resolution test chart with summed
voxel projection and B-scan corresponding to the position indicated by the orange
line and, (b) PAM of a positive 1951 USAF test target (R1DS1P, Thorlabs) with
MAP and B-scan corresponding to the position indicated by the green line. Scale
bars: 150 µm.
presents a beam diameter of ∼ 1.25 mm at 650 nm (1 mm at 530 nm, 2 mm at
1100 nm, according to datasheet of SuperK COMPACT, Appendix B.2, the same
collimator is used with same PCF core diameter). In the NIR, in the OCT channel,
the beam diameter is calculated by considering that the collimator used presents a
focal length of 7.5 mm (PAF-X-7-B, Thorlabs) and the fibre has a NA of 0.12. For
the visible and the NIR bands, 650 nm and 850 nm are respectively taken as central
wavelengths. A 1951 USAF resolution test chart is imaged to estimate the experi-
mental lateral resolution of each imaging modality. Figure 5.9, adapted from Fig. 2
of paper [2] (Appendix A.2), represents the OCT summed voxel projection and the
PAM maximum amplitude projection (MAP), with B-scans. With PAM the three
lines could be resolved down to element 6 of group 6, and to element 2 of group 6
for OCT. The lateral resolution is taken as twice the width of the line that corre-
sponds to the smallest element that can be resolved. Theoretical and experimental
lateral resolutions are presented in Table 5.1. For the calculation of the theoretical
PAM axial resolution, the speed of sound is taken as 1.5 mm/µs and the band-
width of the detector is taken as 90 % of the central frequency: 31.5 MHz. The
1951 USAF resolution test chart coloured part (black) is highly absorbing and less
than 5 µm thick, which is considered small in comparison to the PAM axial resolu-
tion. Therefore, the PAM experimental axial resolution is taken as the full width at
half maximum (FWHM) of the A-scan generated (expressed in s) multiplied by the
speed of sound. The axial resolution of the PAM setup is presented in Table 5.1. For
the calculation of the theoretical OCT axial resolution, 850 nm is taken as the cen-
tral wavelength with a FWHM of 75 nm. The experimental OCT axial resolution is
the FWHM of the A-scan generated by placing a mirror as the sample. The results
are presented in Table 5.1, and very little deviation is observed between theoretical
and experimental values. For OCT, a sensitivity of 77 dB is measured and a signal
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attenuation of -3 dB at 0.55 mm, measured in air (roll-off of -10 dB/mm). Both OCT
and PAM present characteristics that reach state-of-the-art results.
5.1.3 Spectroscopic PA and PAM-MPAM-OCT setup
In this section, a system designed to performed sPA, PAM, MPAM and OCT is pre-
sented. We called sPA the measurement of a sample absorption spectrum by using
photoacoustic without scanning the excitation beam on the sample, these measure-
ments are performed at a single position of the sample, system equivalent to the
one presented in section 5.1.1. OCT and PAM are performed either simultaneously
or consecutively by scanning the sample. For MPAM, different excitation spectral
bands within the 475-840 nm range are used to perform PAM on the same sample.
Therefore, within the same sample, different absorbers can be distinguishable. A
spectral band centred at 1310 nm is used for the OCT channel. This setup was built
at the University of Kent. The Applied Optics Group of the University of Kent is
mainly known for OCT, it was therefore the first system using photoacoustic effect
in the group. Figure 5.10 is a sketch of the setup. Figure 5.11 presents different
photos of the setup. Due to the ethical approvals in place in the group, in-vivo ani-
mal samples are prohibited as well as human samples containing diseases such as
tumours. To show best the capabilities of the system, diverse in-vitro samples were
used. Samples containing different dyes such as Rhodamine B, Malachite Green
FIGURE 5.10: Sketch of the setup used for sPA-PAM-MPAM-OCT at the Univer-
sity of Kent. AMP: electrical amplifier, C: 50/50 coupler, DM: dichroic mirror,
LP: longpass filter, M: mirror, Obj: objective lens, PC: polarisation controller, PH:
pinhole, RC1, RC2: reflective collimators. ⋆ Triggered together.
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FIGURE 5.11: Photos of the multimodal sPA-PAM-MPAM-OCT
setup built at the University of Kent. Including the entire setup (top
left), the imaging board (bottom left), the transducer configuration (top
right), the light source consisting of the SuperK COMPACT and the
VARIA (middle right), and the spectrometer (bottom right).
and Indocyanine Green (ICG) were developed and a mouse ear in-vitro was im-
aged.
Light source
The SuperK COMPACT (datasheet in Appendix B.2) is used as the light source for
all imaging modalities. The SC source developed in chapter 4 was meant to be
used here, unfortunately, because of a mechanical problem during the shipment,
the source was damaged and could not be fixed at the University of Kent. The Su-
perK COMPACT presents similar energies to those delivered by the homebuilt SC
source presented in chapter 4, according to section 4.5. The disadvantage of using
the SuperK COMPACT is that the PRF is limited to 20 kHz and the source RIN is
higher than that of the homebuilt SC source. However, this SC source has the ad-
vantage of being compact, commercially available and cost-effective.
As presented in section 5.1.1, using a rotating prism with pinholes induces high
losses (∼ 40 % transmission). To maximise the energy on the sample and allow




FIGURE 5.12: (a) Energy after the VARIA, (b) FD7 transmission and, (c) energy on
sample, measured for different central wavelengths and bandwidths (BW).
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FIGURE 5.13: VARIA bandwidth necessary to achieve 50 nJ on the sample.
MPAM, a commercially available filter was used: SuperKVARIA (see Appendix B.3
for datasheet). The filter details are presented in section 4.3 (chapter 4), the VARIA
offers up to 70-90 % transmission, see Fig. 4.26. For sPA, PAM and MPAM spectral
bands included in the 475-840 nm range are used. The VARIA allows tuneability of
the central wavelength and the bandwidth. Figure 5.12a represents the energymea-
sured at the free-space output of the VARIA for different central wavelengths and
bandwidths. In the IR band, a longpass filter with a cutoff wavelength of 1150 nm
(FEL1150, Thorlabs) is inserted to filter the remaining SC pump at 1064 nm. OCT
in the IR with a central wavelength of 1310 nm is performed by using this con-
figuration. Fibre delivery is used to facilitate the implementation of the system: a
fibre FD7 for the 475-840 nm band and a fibre FD5 for the IR. These fibres have
been carefully chosen to maximise the light transmission in their respective bands,
see datasheet in Appendix B.4. 80 % transmission is stipulated for the FD7 in our
spectral range of interest and more than 70 % for the FD5 between 1200 nm and
1400 nm. Figure 5.12b represents the transmission of the FD7 for different central
wavelengths and bandwidths. The alignment of the FD7 has been optimised to
maximise the energy at shorter wavelengths where less energy is generated. The
PA channel presents a transmission of∼ 65-70%, calculated as the ratio between the
energy on sample and the energy at the output of the FD7. Figure 5.12c presents the
energy on sample for different central wavelengths and bandwidths. PAM requires
typically tens of nJ and ideally more than 50 nJ for each spectral band to excite the
sample, according to section 2.2.7 (chapter 2). Figure 5.13 represents the bandwidth
necessary to obtain 50 nJ on the sample. For wavelengths longer than ∼ 525 nm,
using a bandwidth of less than 50 nm is sufficient. In the IR band,∼ 30 mW is mea-
sured at the output of the VARIA (with the longpass filter), 17 mW after the FD5
(57 % transmission) and 5.2 mW on the sample (5.2 mW in the reference arm too).
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These powers have been measured by using a thermal powermeter (S302C, Thor-
labs) since the response of standard photodiode power sensors (S122C, Thorlabs)
is highly dependent on the wavelength, and a broad spectral band is used here
(> 100 nm). The photodiode power sensor gives 8 mW on the sample... The FD5
presents poor transmission but it is because the FD5 works as a spectral filter that
attenuates the longer wavelengths (> 1400 nm). Light with a spectrum extending
from 1150 nm to 2300 nm is coupled in the FD5.
Setup
The 500-840 nm band is used for sPA, PAM and MPAM while the IR band is used
for OCT. A 50/50 coupler (TW1300R5A2, Thorlabs) is connected to the FD5 and
used for the interferometer to split the light into a reference arm and a sample
arm. In the sample arm, silver-coated reflective fibre collimators RC1 (RC04APC-
01, Thorlabs) are used to collimate the beams of both bands, and to ensure achro-
maticity. The two beams are superposed by using a dichroic mirror (DMLP950,
Thorlabs). The collimators give a beam diameter of ∼ 4 mm [165], and have been
chosen to maximise the beam diameter for a better lateral resolution. The beam
size is limited to a maximum of 5 mm due to the size of the galvo-scanners (6220H,
Cambridge Technology) that allow raster scanning of the sample in both lateral di-
rections. An uncoated lens (LA1027, Thorlabs) focuses the beams on the sample
with a focal length of 35 mm . An uncoated lens has been chosen because of the
wide range of wavelength used here, for instance achromatic doublets and telecen-
tric scanning objectives don’t cover both of our bands. The sample is placed on a
three-dimensional translation stage (PT3/M, Thorlabs) to facilitate the alignment
of the area intended to be imaged. Water is introduced on the top of the sample
to allow coupling of the ultrasounds generated to the transducer. We used a sim-
ilar transducer than in previous systems (sections 5.1.1 and 5.1.2). The transducer
specifications differ slightly since it’s not the same piece of equipment (central fre-
quency: 40.3 MHz). The datasheet of the transducer is presented in Appendix C.
The electric signal generated is then amplified by 48 dB (ZFL-500LN+, Mini Cir-
cuits). OCT is performed either with or without water, the advantage of having
water is that OCT and PAM can be performed simultaneously. However, the use
of water at ∼ 1300 nm will attenuate the signal and lower the contrast of the im-
ages. Since MPAM is performed, the sample will be scanned several times, each
time with a different excitation band. Therefore, it is not too constraining to have
an additional iteration to perform OCT without water. In the OCT channel, the
reference arm has an adjustable length to match the sample arm length (coherence
Chapter 5. Multimodal imaging using supercontinuum sources 134
gate). A polarisation controller is introduced in the reference arm. A different colli-
mator RC2 (RC08APC-01, Thorlabs) is used in this arm because only two RC1 were
available and already used in the sample arm. A pinhole is introduced to avoid
saturation of the spectrometer. The interferences between the light reflected from
the reference arm and scattered back from the sample arm are registered by the
spectrometer. The spectrometer consists of a diffraction transmission grating (HP
1145 l/mm@ 1310 nm, Wasatch Photonics), a lens to focus the light on the line scan
camera (SU1014-LDHI.7RT-0500/L, Goodrich). A bandwidth of 90 nm is achieved
(83 nm FWHM).
Signal processing
For spectroscopic measurements, an oscilloscope (10-1MXi-A 10 GS/s, LeCroy) is
used to measure the maximum amplitude of the PA signal generated. This value
is recorded for each excitation spectral band to reconstruct the absorption spectra
at the sample position illuminated. The energy on sample varies with the wave-
length, therefore the values recorded are normalised over the energy and then over
their maxima. For PAM/MPAM, the signal is digitised with a sampling rate of
200 MHz (PCI-5124, National Instruments). The PA detection is synchronised with
the PRF of the SC source (20 kHz) to measure the delay and therefore obtain the
sample absorption profile in depth. More details about signal processing are given
in section 2.2.4 (chapter 2). An IMAQ board (PCI-1428, National Instruments) is
used to drive the galvo-scanners and for the OCT detection channel. The exposure
time of the spectrometer is chosen to generate a A-scan for each light pulse, so it is
synchronised with the PRF of the SC source too. An exposure time just below 50 µs
FIGURE 5.14: Excitation beam and transducer alignments in comparison to the
imaged area. Obj: objective.
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is used. The OCT A-scans are constructed by using the CMSI method presented in
section 2.3.5 (chapter 2). A Hamming window is applied to the channelled spectra
to filter the fast transitions. Both modalities are conducted at the same speed lead-
ing to an A-scan rate of 20 kHz. At each position on the sample, only a single light
pulse of few nanoseconds is used. The slow scanners employ a triangular func-
tion. Therefore, a B-scan of 500 A-scans is scanned in 25 ms (500 / 20 kHz), but a
new B-scan is generated only every 50 ms, giving a frame rate of 20 Hz (video rate:
∼ 30 Hz typically). No averaging is performed on the images, no post-processing
is applied to the OCT images. For PAM, because of the detection configuration, the
B-scans (x direction) appear curved and with an offset in depth in the orthogonal
lateral direction (y). Figure 5.14 represents the alignment of the transducer in re-
spect to the imaged area with different views. When the imaging area is wider than
1 mm x 1 mm, the deformation of the B-scans is clearly observed, therefore to facil-
itate the interpretation of images, the B-scans have been corrected by applying in
the z direction (depth), a curved function for the x direction (fast axis) and a linear
offset for the y direction (slow axis).
Characterisation
The axial and lateral resolutions of PAM and OCT are presented in Table 5.2, the-
oretical values have been calculated by using formula 2.2, 2.4, 2.17 and 2.19 (chap-
ter 2). The beams have the same diameter of ∼ 4.2 mm given by the fibre reflective
collimators: 2 · NA(fibre) · 15 mm [165]. The NA of the fibres (FD7 and FD5) is
∼ 0.14. The theoretical lateral resolution depends on the central wavelength, it
varies from 4.3 µm to 6.8 µm for wavelengths extending from 500 nm to 800 nm.
1310 nm is taken as the OCT band central wavelength. The experimental lateral
resolutions correspond to twice the width of the smallest element of a 1951 USAF
resolution test chart from which the three bars can be visually separated. For PAM,
at 650 nm with a 50 nm bandwidth the smallest element is number 6 of group
6, for OCT it is element 4 of group 6. The theoretical axial resolution of PAM is
Imaging modality PAM*** OCT
Theoretical lateral resolution [µm] 5.1 8.1
Experimental lateral resolution* [µm] 8.8 10.1
Theoretical axial resolution [µm] 36 9.1
Experimental axial resolution** [µm] 34 12
TABLE 5.2: Theoretical and experimental resolutions.
: taken as twice the line width of the smallest element resolved on a USAF tar-
get. **: taken as the FWHM of the A-scan. ***: calculations and measurements
performed for a central wavelength of 600 nm and 50 nm bandwidth.
Chapter 5. Multimodal imaging using supercontinuum sources 136
FIGURE 5.15: Channelled spectra recorded by the spectrometer for light in the
reference arm only and for a mirror placed in the sample arm.
100 pixels corresponds to a bandwidth of ∼ 13.5 nm.
determined by the transducer bandwidth: 36 MHz, taken as 90 % of the central
frequency (40.3 MHz). The OCT theoretical resolution is determined by the cen-
tral wavelength of the light detected and its FWHM. Here, the source is a SC which
presents a spectrumwider than the spectrometer band, the bandwidth is limited by
the design of the spectrometer. The central wavelength is 1310 nm with a FWHM
of ∼ 83 nm. The experimental axial resolutions of PAM and OCT correspond to the
FWHMof the A-line by using the coloured part of a 1951 USAF resolution test chart
(less than 5 µm thick) as an absorber for PAM and using a mirror for OCT. The OCT
axial resolution may vary in depth if the dispersion is not well compensated in the
system. However, since the CMSI technique is used, the variation is very little: less
than 10 %which is of a similar order of magnitude as the measurement uncertainty.
When a Hamming window is applied to the channelled spectra, the axial resolu-
tion increases to 17 µm. Very little deviation is observed between theoretical and
experimental values. The difference between the theoretical and experimental ax-
ial resolutions of OCT may be due to the assumed Gaussian-shaped spectra for the
calculation of the theoretical formula. This is not the case here with the SC source,
according to Fig. 5.15 that represents typical channelled spectra recorded by the
spectrometer. The OCT sensitivity is ∼ 65 dB, this low value is due to the large
noise of the SC source and that no averaging is performed. A signal attenuation of
3 dB is measured at an axial distance of 1.4 mm in air (1.9 dB/mm of roll-off). A
signal to noise ratio (SNR) of ∼35 dB is measured for the OCT images presented in
section 5.3, while a SNR of 20-30 dB is measured for PAM images. The maximum
SNR reached with PAM is 40 dB for the imaging of black tape. Both OCT and PAM
present characteristics that reach state-of-the-art results.
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5.2 Spectroscopic photoacoustic
sPAmeasurements were performed to show the capabilities that a SC source offers.
In-vitro porcine retinal pigment epithelium (RPE), bovine blood, Rhodamine B and
gold nanoparticles were used at Northwestern University with the setup presented
in section 5.1.1. Silicone-dye samples were used at the University of Kent with the
setup presented in section 5.1.3.
In-vitro porcine RPE has been dissected from a pig eye (Carolina Biological). The
bovine blood (Quad Five) has been left to dry and then covered by ultrasonic gel
and transparent plastic wrap. The samples were placed on a glass slide and a drop
of water was added on the top for ultrasound coupling. Rhodamine B and gold
nanoparticles (A11-55, Nanopartz) were diluted in water and placed in a Petri dish.
All experimental procedures were approved by Northwestern University IACUC.
The silicone-dye samples were prepared by mixing the dye with silicone (3140 RTV
Coating, Dow Corning) and left to dry. The dyes could not be used alone, since
water is added for ultrasound coupling, and therefore the dye would be diluted.
Three different dyes are used to cover the total wavelength range accessible: 500-
840 nm. Rhodamine B (Flinn Scientific) has an absorption peak at 542 nm, Mala-
chite Green (Sigma-Aldrich) at 616 nm, and Indocyanine Green (ICG) (Akorn) at
695 nm and/or 780 nm depending on the concentration. ICG is traditionally used
as a contrast agent [52, 53].
The measurements presented below have been processed in the same way. The
sPA measurements are compared to the sample absorption spectrum, either mea-
sured by transmission with white light and a spectrometer (USB2000+, Ocean Op-
tics), or taken from the literature. The sPA measurements are presented in colour
and the reference absorption spectra in black. In each case these absorption spectra
are taken as reference to confirm our sPA results. These reference spectra are inte-
grated over the same bands as those used for the sPA measurements to allow the
comparison. Each reference spectrum is then normalised over its maximum value.
The sPA curves are obtained by recording the maximum amplitude of the PA sig-
nals for different excitations bands. The energy varies depending on the band used,
either because less energy is generated at shorter wavelengths or because using a
smaller bandwidth implies lower energy, according to Fig. 5.3a (section 5.1.1) and
5.12c (section 5.1.3). Therefore, the PA signals are normalised over the energy on
sample for each excitation band to eliminate the influence of the energy. The en-
ergies are measured by a powermeter before starting the experiment. The curve
obtained is then normalised over its maximum value to allow reliable comparison
with the reference spectra. The amplitude of the PA signal depends on both the
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alignment of the transducer and the concentration of the sample. Therefore, by
normalising the curves, no concentration information can be extracted. However,
once the transducer is aligned and fixed, the fluctuations of the PA signal ampli-
tude due to concentration can be observed.
5.2.1 in-vitro melanin and blood
sPA measurements have been performed at Northwestern University on in-vitro
porcine RPE and bovine blood samples. Part of these results were published in [2]
(Appendix A.2).
FIGURE 5.16: sPAmeasurements of in-vitro porcine RPE in comparison tomelanin
absorption spectrum adapted from literature.
Figure 5.16 represents the sPA measurement of porcine RPE, in comparison to
the absorption curve of melanin (melanosome), adapted from literature [82]. A
good correlation is observed between the two curves.
Figure 5.17 represents the sPA of bovine blood, in comparison to its absorp-
tion spectrum, measured by transmission with a spectrometer (USB2000+, Ocean
Optics) and the absorption curve of oxygenated haemoglobin adapted from litera-
ture [83]. The sPA curve and the absorption spectrum of the sample display similar
shapes. However, the absorption spectrum from oxygenated haemoglobin does not
match perfectly the profiles of the other two curves. The bovine blood was allowed
to dry, and this may explain the discrepancies.
sPA was performed on porcine RPE and dry bovine blood. Good correlation
between the sPA measurements and the absorption spectra of these samples was
obtained.
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FIGURE 5.17: sPA measurements of in-vitro bovine blood in comparison to its
absorption spectrummeasured by transmission and oxygenated haemoglobin ab-
sorption spectrum adapted from literature.
5.2.2 Rhodamine B and gold nanoparticles in water
We present sPA measurements of Rhodamine B and gold nanoparticles diluted in
water and placed in a Petri dish, whilst the transducer was slightly submersed in
the solution.
FIGURE 5.18: sPA measurements of Rhodamine B in comparison to its absorption
and fluorescence spectra adapted from literature.
Figure 5.18 represents the sPA measurements of Rhodamine B diluted in wa-
ter in comparison to the absorption and fluorescence (510 nm excitation) curves of
Rhodamine B in ethanol adapted from literature [166]. However, the sPA measure-
ments do not overlay with the absorption curve of Rhodamine B adapted from lit-
erature. However, the shape of the curve is more similar to the fluorescence curve
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of Rhodamine B. We believe that since the absorption is not localised (aqueous
sample), the sample fluorescence is strong and generates absorption in the solution
that creates ultrasounds. The transducer detects ultrasounds. Therefore, in the am-
plitude of the PA signal measured for each excitation wavelength, fluorescence of
all wavelengths is included. The maximum wavelength of fluorescence cannot be
measured, only the total fluorescence amplitude is measured. It can be observed
that when increasing the excitation wavelength, the fluorescence increases quickly
to a maximum value and then decreases slowly. This phenomenon has been ob-
served for different fluorophores, in addition the larger the excitation wavelength,
the larger the maximum fluorescence wavelength. Unfortunately, this cannot be
observed by performing sPA measurements. This was reported using carbon dots
in water [167], DNA-stabilised silver nanoclusters (C24-AgNC solution in citrate
buffer) [168] and nanostructures (polysaccharide-based derived from starch and
chitosan) [169]. Unfortunately, to the best of my knowledge nothing similar has
been published for Rhodamine B that would confirm our hypothesis. However,
the fact that the wavelength of maximum fluorescence increases with the excitation
wavelength is proven. For Rhodamine B diluted in ethanol, the fluorescence maxi-
mum is 560 nm for an excitation at 510 nm [166] and 569 nm at 1020 nm [170].
FIGURE 5.19: sPA measurements of gold nanoparticles diluted in water in com-
parison to their absorption spectra taken by transmission.
Gold nanoparticles (A11-55, Accurate Spherical) in an aqueous solution are
used for sPA measurements. Figure 5.19 represents the sPA measurements in com-
parison to the absorption spectrum of the sample, measured by transmission. How-
ever, the sPA curve does not follow the absorption spectrum of the gold nanoparti-
cles. We believe that the same effect as that obtain with Rhodamine B is observed.
The maxima of fluorescence for carbon dots, nanoclusters and nanostructures cor-
respond to an excitation wavelength in the ultraviolet [167–169]. The PA signal
increases towards shorter wavelengths which correlates with our hypothesis.
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The sPA measurements of Rhodamine B and gold nanoparticles diluted in wa-
ter did not allow to measure their absorption spectra. We believe that the absorp-
tion of fluorescence is measured for different excitation wavelengths. We conclude
that dilution of absorbers distorts the measurement of their spectral absorption
curve via sPA measurements. Therefore, it would be recommendable to mix such
sample with e.g. silicone to obtain a solid sample instead of a liquid one.
5.2.3 Silicone dyes
Most of the work presented in this section is published in [3] and [5] (Appendix A.3
and A.5, respectively).
The setup, see section 5.1.3, offers the possibility to perform sPAwith excitation
light bands situated between 500 nm and 840 nm. To show the usefulness of sPA
three different samples were prepared, based on Rhodamine B, Malachite Green
and ICG. These are used since their absorption spectra cover three different regions
within our accessible wavelength range. The three dyes were each mixed with sil-
icone (3140 RTV Coating, Dow Corning). Silicone was chosen because it is fairly
easy to obtain and will solidify by letting it to dry for 24 hours, as recommended
by Dow Corning. The dyes will then be trapped in the silicone, water can be placed
on top of the sample to allow acoustic couplingwithout destroying the sample. Fig-
ure 5.20 represents the absorption spectra of the dyes adapted from literature. Each
value corresponds to an integration of the absorption spectra over a 50 nm band-
width centred at the corresponding wavelength. Each curve is then normalised
over its maximum value. The absorption spectra depend on the dilution medium
FIGURE 5.20: Absorption spectra of Rhodamine B, Malachite Green and ICG,
adapted from literature [166, 171, 172].




FIGURE 5.21: Photos andmicroscope images of the three silicone-dye samples: (a)
Rhodamine B, (b) Malachite Green and, (c) ICG.
Scale bars: 5 mm and 0.5 mm (left and right, respectively).
used for the dye. Unfortunately, no literature references are available for silicone.
The literature curves presented in this section are taken for Rhodamine B diluted in
ethanol, Malachite Green in water and ICG in water with a concentration of 65 µM
(absorption spectrum concentration-dependant) [166, 171, 172]. Figure 5.21 shows
photos and microscope images of the three silicone-dye samples. Fluctuations in
dye concentration can be observed by looking at the changes in color (darker =
more concentrated).
Spectroscopic PA measurements were performed over the 500-840 nm range
with central wavelengths taken every 25 nm from 500 nm to 800 nm. The influence




FIGURE 5.22: sPA measurements for different bands of (a) Rhodamine B,
(b) Malachite Green and, (c) ICG in comparison to their absorption spectra
adapted from literature [166, 171, 172].
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of the bandwidth of the excitation bands was studied. Three different bandwidths
were used: 15 nm, 25 nm and 50 nm. Narrower bandwidths could not be realisti-
cally used since less than 10-15 nJ per band is measured on sample for a bandwidth
of 10 nm, see Fig. 5.12c. The measurements with a bandwidth of 50 nm were per-
formed on the three silicone-dye samples. However, for narrower bandwidths, no
measurements were performed on Rhodamine B since too little absorption was ob-
tained with the low energy available at shorter wavelengths. Figure 5.22 shows the
sPA measurements. The bandwidth used is specified in the legend of each figure.
Since the illumination band is changed, it is important to compare with the absorp-
tion spectra integrated over the corresponding bandwidth. Very similar curves are
obtained regadless of the excitation bandwidth. The error on each PA signal am-
plitude measured is ∼ 20 %. In addition, by performing several measurements,
the position of the sample may have changed slightly. We can conclude that the
bandwidth of the excitation has no influence on the reconstruction of the spectra.
However, it can be observed that the absorption spectra obtained with sPA are
broader than the one adapted from literature, measured by transmission. We con-
jecture that the silicone may influence the sample absorption spectrum. By itself,
silicone does not absorb, however it will influence the chemical structure of the
dye. It can be observed in Fig.5.21 that the dyes are not uniformly mixed and form
aggregates. Aggregates have different properties than uniformly dissolved materi-
als [173]. Therefore, aggregates may be responsible for this broader absorption of
the dye-samples. The measurement of the absorption spectra by transmission of
the samples would permit to confirm these speculations or help us understand this
broadening. Thermal effects may influence the sPA measurements as well since
several pulses are sent to the sample at the same position (no scanning), heat may
occur.
ICG absorption spectra depend on their concentration, the literature curves of
Fig. 5.23 represent the ICG absorption spectra corresponding to three different ICG
concentrations in water: 6.5 µM, 65 µM and 650 µM. Since our sample does not
present a homogeneous concentration, see Fig. 5.21c, sPA was performed at three
different positions on the sample. Different concentrations (C1, C2 and C3) lead
to fluctuations in the absorption spectra. At low concentrations, the maximum of
absorption (e.g. 6.5 µM) is situated at ∼ 780 nm and at ∼ 695-700 nm at higher
concentrations (e.g. 650 µM). For intermediate concentrations (e.g. 65 µM), the ab-
sorption spectra present two maxima. By looking at the shape of the sPA curves of
Fig. 5.23, corresponding to three different positions on the sample, we can conclude
that: C1 < C2 < C3 < 650 µM.
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FIGURE 5.23: sPA measurements of ICG in comparison to ICG absorption spectra
taken from literature [172] for different concentrations.
The above experiments demonstrate that sPA can successfully recover the ab-
sorption spectra of three silicone-dye samples over a wide wavelength range ex-
tending from 500 nm to above 800 nm. The bandwidth of the excitation light has
shown very little influence on the spectra obtained. However, less energy is acces-
sible on the sample by using smaller bandwidths which may be critical in terms of
signal-to-noise ratio and when aiming to perform MPAM on biological tissue over
few millimetres laterally.
5.2.4 Conclusions
sPA using SC sources was demonstrated on different samples presenting various
absorption spectra in a wavelength range extending from 500 nm to 850 nm: blood,
melanin, Rhodamine B, Malachite Green and ICG. These absorbers are used to per-
form PAM-OCT or MPAM-OCT. The results are presented in the following section.
5.3 MPAM-OCT imaging
Most of the results presented in this section are published in [5] or [2] (Appendix A.5
and A.2, respectively). The ethical approvals in place at the University of Kent, pre-
vent us from using living animals and affected tissue (with tumours for instance).
Therefore, exclusively non-biological and in-vitro biological samples have been im-
aged. MPAM and OCT are performed on silicone-dye samples at the University of
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Kent with the system presented in section 5.1.3. The results are presented in sec-
tion 5.3.1. The silicone-dye samples consist of a combination of the three dyes used
in section 5.2.3 mixedwith silicone. This sample offers a structure to show the capa-
bilities of OCT, and different absorption spectra to show the capabilities of MPAM.
OCT and PAM were performed consecutively. The presence of water (or another
medium for ultrasound coupling to the transducer) is necessary for PAM, however
this would lower the quality of the OCT images. Therefore, OCT is performed
without water. The mouse ear is a good sample for PAM-OCT (or MPAM-OCT)
since it gives structural and absorption information [26, 30, 55, 58, 61, 69, 101]. The
blood vessels are imaged by PAM. By using MPAM the oxygen saturation of the
blood vessels can be measured. MPAM-OCT was performed on an in-vitro mouse
ear where the structure is imaged by OCT and the blood vessels are imaged by
PAM. MPAM permits to differentiate melanin from blood and measure the oxygen
saturation of blood. This study has been performed with the system presented in
section 5.1.3. The results are presented in section 5.3.2. Performing these measure-
ments in-vivo on a mouse ear gives better contrast and more information. How-
ever, too little energy was available on sample at Northwestern University, see sec-
tion 5.1.2. Therefore, only PAM-OCT was performed in-vivo on a mouse ear. The
results are presented in section 5.3.3. Linear scaling has been used for all images
presented in this section.
5.3.1 Silicone dyes
One of the main novelties of the work presented in this thesis is the access to
MPAM. Therefore, to show the usefulness of MPAM, a phantom presenting differ-
ent absorption contrasts is desirable. In addition, the combination of MPAM with
OCT is a clear advantage; the phantom must show some structure that can be ob-
served with OCT, and ideally present scattering properties. To show the potential
of MPAM-OCT using a SC source, using the system presented in section 5.1.3, the
phantom should present: (i) distinguishable absorbers, (ii) recognisable shape, (iii)
different layers and (iv) be solid. An imaging area of 2.5 mm x 2.5 mm is targeted
with an imaging depth of∼ 1 mm, these values are compatible with state-of-the-art
measurements.
Currently, MPAM is often performed with two wavelengths [56, 69, 72, 94]; to
show clear advantage of using a SC source for MPAM, at least three wavelengths
should be used within our accessible excitation band, 500-840 nm. The same dyes
as presented in section 5.2.3 can be used, i.e. Rhodamine B, Malachite Green and
ICG to respect criterion (i). Similarly, the dyes were separately mixed with silicone,
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FIGURE 5.24: Silicone-dye sample under the microscope (x50) with
Rhodamine B (R), Malachite Green (M) and ICG (I). Scale bars: 500 µm.
FIGURE 5.25: sPAmeasurements of Rhodamine B, Malachite Green and ICG from
Fig. 5.22 with 25 nm and 50 nm bandwidth in comparison to the 25 nm and 50 nm
wide bands used for MPAM, centred at 542 nm, 616 nm and 800 nm.
then placed in a specific shape (not precisely controlled) to respect criteria (ii) and
(iii). The Malachite Green is placed beneath the Rhodamine B and the ICG. The
phantom is then left to dry to respect criterion (iv). Figure 5.24 shows a microscope
view of the silicone-dye sample created. The sample was placed in a Petri dish. As
in section 5.2.3, the concentration of dye in the silicone is not uniform and aggre-
gates are formed, but no solution was found to avoide these issues.
Galvo-scanners are scanning the light on the sample over an area of approxi-
mately 2.5 mm x 2.5 mm. For each imaging modality, 500 B-scans are generated
(slow axis, y), each consisting of 500 A-scans (fast axis, x). MPAM and OCT are
performed on the sample. Figure 5.25 represents the absorption spectra of the three
silicone-dye samplesmeasuredwith sPA in section 5.2.3 in comparison to the bands
used for MPAM. PAM was performed for different illumination bands. Central
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wavelengths of 542 nm, 616 nm and 800 nm are used with a bandwidth of 50 nm in
a first trial and then of 25 nm in a second trial. Table 5.3 presents the approximate
energy on sample for the different illumination bands used for PAM and the maxi-
mummolar extinction coefficient of the three dyes. The maximummolar extinction
coefficients of the dyes are taken from literature for Rhodamine B diluted in ethanol
[166], Malachite Green in water [171] and ICG in water [172]. For Rhodamine B it
corresponds to the value at ∼ 542 nm, for Malachite Green at ∼ 616 nm and for
ICG it is highly dependent on the dye concentration and can vary between 0.8 and
1.1 105 cm−1/M. For instance, the molar extinction coefficient of ICG at 800 nm
varies between 2.1 and 8.4 104 cm−1/M.
PAM central wavelength 542 nm 616 nm 800 nm
Energy on sample [nJ]
(50 nm bandwidth)
60 90 90
Energy on sample [nJ]
(25 nm bandwidth)
30 40 40




TABLE 5.3: Energy on sample for MPAM and maximum molar extinction
coefficients of the three dyes.
Top view
Figure 5.26 represents an OCT en-face image and the OCT summed voxel projec-
tion. The en-face image is taken at a depth corresponding to 1.1 mm measured
in air. The OCT summed voxel projection corresponds to the sum of the 512 en-
face images extending from depths 0 to 3 mm in air. The OCT images present a
low contrast since the silicon-based sample presents weak scattering properties.
OCT has been performed as well by covering the sample with a mix of water or
silicone and intralipids that present strong scattering properties. However, poor
OCT imaging depth and poor PA signals were observed. For different illumina-
tion bands, Fig. 5.27 represents the PAM maximum amplitude projection (MAP)
obtained as the A-scan maximum value for each lateral position (x,y). The first col-
umn of Fig. 5.27 corresponds to the use of a 50 nm band whilst the second column
corresponds to the use of a 25 nm band. The first row corresponds to a central
wavelength of 542 nm, second row to 616 nm and third row to 800 nm. Figure 5.28
corresponds to the overlay of the three different PAM images recorded, Fig. 5.27,
corresponding to the three different central wavelengths. The red colour corre-
sponds to excitation centred at 542 nm, blue to excitation at 616 nm and green
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(a) (b)
FIGURE 5.26: Silicone-dye sample (a) en-faceOCT corresponding to a single depth
of 1.1 mm measured in air, position indicated in Fig. 5.32c and, (b) OCT summed
voxel projection along the axial direction for 3 mm in air. Scale bars: 500 µm.
to excitation at 800 nm. The cyan colour corresponds to an overlay of blue and
green (616 nm and 800 nm), pink/purple to an overlay of red and blue (542 nm
and 616 nm) and white to an overlay of red, blue and green (542 nm, 616 nm and
800 nm). Figure 5.29 presents the superposition of an OCT en-face image, from
Fig. 5.26a, with MPAMMAPs, from Fig. 5.28.
Dye aggregates seen in Fig. 5.24 are as well observed in the OCT and PAM
images. They appear as a localised signal with circular/oval shape. The signal am-
plitude is high due to the high concentration of the dye aggregates (close to 100 %).
By observing Fig. 5.28 or 5.29, the different dyes can be differentiated. The ’verti-
cal’ layer on the left is green, so absorbs at ∼ 800 nm, it is ICG, Rhodamine B (red,
542 nm) on the right, and Malachite Green (blue, 616 nm) the ’horizontal’ layer sit-
uated underneath the two other layers.
It can be observed in Fig. 5.27 that the excitation band centred at 542 nm (red)
is not only absorbed by Rhodamine B but also by Malachite Green, and slightly
by ICG. Similar observation is valid for the band centred at 616 nm (blue), when
Malachite Green is mainly imaged, together with some contributions from Rho-
damine B and ICG as well. In Fig. 5.28 the same observation is made, by looking
at it in a different way. The ’horizontal’ layer is Malachite Green and is mainly im-
aged at 616 nm but as well at 542 nm (pink/purple colour). The ’vertical’ layer on
the right is Rhodamine B, only imaged at 542 nm. The left ’vertical’ layer is ICG,
mainly imaged at 800 nm, but as well at 616 nm (cyan colour) and slightly at 542 nm
(white colour). These observations correlate with the absorption spectra measured
for the three different dyes using sPA, presented in Fig. 5.25. The different excita-
tion bands intersect the absorption spectra of more than a dye.




FIGURE 5.27: Silicone-dye sample PAM MAP using a band centred at (a) 532 nm
(50 nm bandwidth), (b) 532 nm (25 nm bandwidth), (c) 616 nm (50 nm bandwidth),
(d) 616 nm (25 nm bandwidth), (e) 800 nm (50 nm bandwidth) and, (f) 800 nm
(5 nm bandwidth). Scale bars: 500 µm.
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(a) (b)
FIGURE 5.28: Coloured overlay of PAM MAP (a) from Fig. 5.27a, 5.27c and 5.27e
corresponding to a bandwidth of 50 nm and, (b) from Fig. 5.27b, 5.27d and 5.27f
corresponding to a bandwidth of 25 nm. Red: 542 nm, Blue: 616 nm and Green:
800 nm. Scale bars: 500 µm.
(a) (b)
FIGURE 5.29: Superposition of en-face OCT and MPAM, (a) superposition of
Fig.5.26a and 5.28a and, (b) superposition of Fig.5.26a and 5.28b. Scale bars:
500 µm.
The PA signal amplitude measured at each position of the sample depends on
different parameters: the illumination energy, the molar extinction coefficient of
the dye in the spectral excitation band and the dye concentration. As presented
in Fig. 5.6, the PA signal amplitude is proportional to the energy on sample for a
given absorption/molar extinction coefficient. The maximum molar extinction co-
efficients of the dyes are presented in Table 5.3. The molar extinction coefficients
of the dye for 50 nm wide bands and 25 nm can be extrapolated from the value
presented in the table and the sPA curves from Fig. 5.25. Figure 5.30 represents
these extrapolated molar extinction coefficients multiplied by the excitation beam
energy, measured on sample for the three dyes. The amplitude of the PA signal is
proportional to the values presented in this curve and the concentration of dye.
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FIGURE 5.30: Molar extinction coefficient multiplied by the energy on sample,
estimation based on Table 5.3 and Fig. 5.25. *: estimated with the sPA curve for
a bandwidth of 50 nm (no experimental sPA data for Rhodamine B with 25 nm
bandwidth).
For instance, by looking at the excitation band centred at 542 nm with 50 nm
or 25 nm bandwidth in Fig. 5.30, for the same concentration of Rhodamine B and
Malachite Green, the amplitude of the PA signal measured should be similar. Since
the sample forms aggregates, we believe that the concentration of the aggregates is
close to 100 %. This is what seems to be observed in Fig. 5.27a and 5.27b: no differ-
ence in the PA signal amplitude between Rhodamine B aggregates and Malachite
Green ones. At 616 nm, no Rhodamine B will be detected, a low PA signal from
ICG is expected compare to the strong PA signal coming from Malachite Green ag-
gregates (strong saturation observed in Fig. 5.27c). As expected, at 800 nm, only
ICG is imaged.
In Fig. 5.27, 5.28 and 5.29, the first column corresponds to PAM measurement
performed with 50 nm bandwidth and 25 nm for the second column. By reducing
the bandwidth of the three excitation bands, less overlap is observed. However, the
amplitude of the signal has drastically reduced as well as the imaged area. Here,
using a bandwidth of 50 nm is preferred over 25 nm.
Cross-section view
The results presented above can be as well represented with cross sections to ac-
cess the information in depth. Figure 5.31 is the same microscope image of the
sample as Fig. 5.24. Figure 5.32 presents OCT and MPAM using 50 nm bandwidth
B-scans of three different positions indicated by the orange lines in Fig. 5.31. The
first column in Fig 5.32 presents the OCT B-scans. The images sizes correspond to
distances in air. Since the sample has been made on a Petri dish, the bottom layer
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FIGURE 5.31: Silicone-dye sample under the microscope (x50) with Rhodamine B
(R), Malachite Green (M) and ICG (I). Horizontal orange lines indicate the three
positions of the B-scans presented in Fig. 5.32. Scale bars: 500 µm.
is flat, however on the OCT B-scans it is not. This is explained by the difference of
refractive index of the sample. The refractive index and the thickness of the sample
can be measured, see Fig. 5.32c for instance. The refractive index of the silicone-
ICG sample is ∼ 1.45 (1.41-1.50 found in literature for silicone RTV [174, 175]) with
a maximum thickness of 0.73 mm. And for Rhodamine B similar refractive index is
measured with a maximum thickness of 0.48 mm. The MPAM B-scans have been
modified to correct for the detection configuration, see Fig. 5.14. The black area cor-
responds to signal that has not been recorded and appears because of the curvature
applied to the images. The detailed data processing is presented in sections 5.1.3
and 2.2.4 (chapter 2). It can clearly be observed that the transducer was not aligned
with the middle of the B-scan lateral direction (x): curvature not centred. An im-
proved alignment technique is presented in section 6.3 (chapter 6). The offset in
depth (z) is observed between the different B-scans positions. The different dyes
can be easily recognised, with Rhodamine B in red, Malachite Green is blue and
ICG in green. The overlap of the dyes absorption with multiple excitation bands is
observed in the B-scan from Fig. 5.32b for instance. Artefacts can be observed in red
in Fig. 5.32f corresponding to the presence of an air bubble in the silicone that can
be observed on the OCT B-scan in Fig. 5.32e and on themicroscope view in Fig. 5.31.
The silicone-dye sample was successfully imaged by OCT and MPAM using
three different excitation bands. OCT and MPAM give complementary informa-
tion. The shape and size of the sample can be observed and measured with OCT.
However, OCT alone cannot recognise the different dyes, only their similar struc-
ture (aggregates). By adding the MPAM modality, the three dyes can be differen-
tiated. Top and cross-section images have been presented and give information in
the three-dimentions about the sample.




FIGURE 5.32: Column 1: silicone-dye sample OCT B-scans. Column 2: silicone-
dye sample coloured overlay of PAM B-scans using bands centred at 532 nm,
616 nm and 800 nm with 50 nm bandwidth. B-scans are taken at three differ-
ent lateral positions (a), (b) at position 1 indicated in Fig. 5.31, (c), (d) at position
2, and, (e), (f) at position 3. Horizontal orange line indicates the position of the
en-face OCT image of Fig. 5.26a. Red: 542 nm, Blue: 616 nm and Green: 800 nm.
Scale bars: 500 µm.
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5.3.2 In-vitro mouse ear
To show the advantage of using MPAM-OCT with a SC source, biological sample,
that present natural scattering and absorption properties, are desirable. Mouse ears
offer structural information with the scattering of the skin and functional informa-
tion by imaging the blood vessels. A multitude of blood vessels are present in a
mouse ear at superficial layers which makes the contrast of PAM images high. Un-
fortunately, due to the ethical approvals in place at the Applied Optics Group of
the University of Kent, no in-vivo animals are permitted. Therefore, we imaged an
excised mouse ear. This sample is obviously not ideal but will illustrate the poten-
tial for biological tissue of the MPAM-OCT system build at the University of Kent,
presented in section 5.1.3.
Animal tissue was obtained from C57BL/6J mice purchased from Charles River
Laboratories (Margate, UK). Prior to ear tissue removal, micewere humanely culled
in accordance with the UK Home Office guidelines and following approval by the
University of Kent’s animal welfare ethics committee.
Imaging
The mouse ear is placed in a Petri dish, water is added for PAM imaging to al-
low ultrasound coupling to the transducer. The scanned area is approximately
1.2 mm x 1.2 mm, as determined by the area of the scanned beam, hence the same
for both imaging modalities. Figure 5.33a represents the OCT summed voxel pro-
jection along the axial direction. The en-face OCT images are added for depths
(a) (b)
FIGURE 5.33: In-vitromouse ear (a) OCT summed voxel projection along the axial
direction for 2 mmmeasured in air and, (b) PAMMAP for excitation light centred
at 550 nm with 50 nm bandwidth. Horizontal orange lines indicate the position of
OCT and PAM B-scans of Fig. 5.34, 5.36 and 5.38. CN: cell nuclei (◦), SG sebaceous
glands (↓). Scale bars: 250 µm.
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(a) (b)
FIGURE 5.34: In-vitromouse ear (a) OCT B-scan and, (b) superposition of OCT B-
scan and PAM B-scan for an excitation light centred at 550 nm with 50 nm band-
width taken at position indicated by the horizontal orange line in Fig.5.33. BV:
blood vessel (↓), CT: cartilage (#), D: dermis (l), EP: epidermis (⋆). Scale bars:
250 µm.
extending between 0 and 2 mm, measured in air. Cell nuclei and some sebaceous
glands are observed. Figure 5.33b represents the PAMMAP, taken for an excitation
light centred at 550 nm with 50 nm bandwidth. A large blood vessel is imaged.
However, as predicted, the smaller capillaries are not imaged. We believe that due
to the nature of the sample (excised) the smaller vascular network collapsed. In
addition, the sensitivity of the transducer is highly reduced on the edges of the
scanning area. Figure 5.34 represents the OCT B-scan and its superposition with
the PAM B-scan. The B-scans are taken at the same position, indicated by the hori-
zontal orange line in Fig. 5.33. The OCT gives structural information, the different
layers of the mouse ear (epidermis, dermis, cartilage) are observed while PAM im-
ages mainly the blood vessel. The OCT gives an exact position in depth (measured
in air) of the blood vessel since the CMSI technique was used, see details in sec-
tion 2.3.5 (chapter 2). However, for PAM, only the scale is known by assuming the
same speed of sound in the sample than in water. By superpositioning the OCT
and PAM B-scans, a reference position in depth for PAM can be deduced.
Melanin and haemoglobin are the main absorbers in the mouse ear in our ac-
cessible range to perform PAM: 500-840 nm, according to Fig. 2.7 (chapter 2). Fig-
ure 5.35 represents the absorption coefficient of these absorbers. This can vary with
the absorber concentration. A typical value of 150 g/L of haemoglobin is taken here
[83]. For melanin, the absorption coefficient is approximated by: 1.7 · 1012 · λ−3.48
with λ the wavelength in nm. This approximation is given for melanin with
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melanosomes for skin [82]. Figure 5.36a represents the PAM B-scan for an excita-
tion band covering 500-840 nm. Both blood and melanin are observed. Two differ-
ent regions can be differentiated. Between 500 nm and 600 nm, both melanin and
haemoglobin are strong absorbers, while between 600 nm and 840 nm, melanin be-
comes the main absorber. In Fig. 5.36b, the PAM B-scans taken for these two bands,
500-600 nm (green) and 600-840 nm (blue), are superposed. The blood vessel and
the melanin contribution to the image can be differentiated. The cyan signal corre-
sponds to a mix between green and blue signals, corresponding to an absorption
in both bands. Cyan signal is observed in the central part of the blood vessel cor-
responding to a high concentration of blood slightly detectable in the 600-840 nm
band. Melanin is also imaged in both bands. However, the signal coming from
FIGURE 5.35: Absorption coefficients of melanin and oxygenated (HbO2) and de-
oxygenated haemoglobin (Hb) with two different excitation windows used for
PAM.
(a) (b)
FIGURE 5.36: In-vitromouse ear (a) PAM B-scan taken for an excitation light band
covering 500-840 nm and, (b) superposition of PAM B-scans for bands covering
500-600 nm and 600-840 nm (green and blue, respectively). Scale bars: 250 µm.
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melanin is dominated by the colour blue. The absorption of melanin is however
lower in the 600-840 nm band than in the 500-600 nm band. Nevertheless, the en-
ergy in the 600-840 nm band is more than 4 times larger than in the 500-600 nm, so
larger signal is measured with the 600-840 nm excitation band for melanin.
Blood is mainly absorbing between 500 nm and 600 nm. The normalised ab-
sorption of fully oxygenated, 80 % oxygenated and deoxygenated haemoglobin
are presented in Fig. 5.37. By measuring the spectral changes in absorption, the
oxygen saturation of the blood can be extracted. We performed PAM by using
three excitation bands centred at 530 nm, 550 nm and 580 nm with a bandwidth of
50 nm. 530 nm is chosen since using 532 nm is standard for PAM (corresponding to
a Nd:YAG laser doubled in frequency). 550 nm corresponds approximately to the
FIGURE 5.37: Absorption spectra normalised over their maximum value of
melanin, oxygenated (HbO2) and deoxygenated haemoglobin (Hb) and with 80 %
oxygen saturation (sO2).
(a) (b) (c)
FIGURE 5.38: In-vitro mouse ear PAM B-scans using an excitation light of 50 nm
bandwidth and a central wavelength of (a) 530 nm, (b) 550 nm and, (c) 580 nm.
The images have been laterally cropped for illustration purposes. Scale bars: 250 µm.
Chapter 5. Multimodal imaging using supercontinuum sources 159
maximum of absorption of deoxygenated haemoglobin. However, using 560 nm
would have been more interesting since it corresponds to the minimum of the M-
shape absorption spectra (according to Fig. 5.37). 580 nm corresponds to the sec-
ond maximum of the oxygentated haemoglobin. Figure 5.38 represents the PAM
B-scans taken for these three bands at the same position as that used previously, as
indicated by the horizontal orange line in Fig. 5.33.
Oxygen saturation measurement
From Fig. 5.37, the expected values obtained by MPAM can be extracted. To do so,
the excitation band and the energy on sample are considered. The absorption spec-
tra from Fig. 5.37 are integrated for the three excitation bands used in the study.
FIGURE 5.39: Integrated absorption spectra from literature (extracted in Fig. 5.37)
over 50 nm bandwidth at central wavelengths of 530 nm, 550 nm and 580 nm.
Spectra normalised over their maximum value.
FIGURE 5.40: Absorption spectra (from Fig. 5.39) multiplied by the excitation en-
ergy measured on sample. Spectra normalised over their maximum value.
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These bands have a 50 nm bandwidth and central wavelengths of 530 nm, 550 nm
and 580 nm. These values are normalised over their maxima. The resulting values
are presented in Fig. 5.39. These values are then multiplied by the energy on sam-
ple, 52.8 nJ, 64 nJ and 78 nJ, respectively and then normalised over their maxima,
see Fig. 5.40.
For melanin, the amplitude of the signal is expected to be similar for each of the
three bands, and this is effectively observed in Fig. 5.38. Melanin corresponds to
the horizontal features, according to Fig. 5.36b.
(a) Histograms of pixel intensities extracted from the B-scans of Fig. 5.38. When [all] is
specified in the legend, the analysis was performed on all the B-scan pixels, see inset. When
[blood] is specified in the legend, the analysis was performed on the truncated B-scan con-
taining only the blood vessel (background noise removed), see inset.
(b) Determination of the oxygen saturation by comparison of the normalised experimental
PA values (◦) extracted from Fig. 5.41a and different theoretical oxygen saturation values
using the same protocol as Fig. 5.39-5.40.
FIGURE 5.41: Determination of the blood vessel oxygen saturation.
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Differentmethods can be used to extract the experimental values from the blood
vessel B-scans, presented in Fig. 5.38, to measure its oxygen saturation content.
Figure 5.41a represents the histograms of the B-scans. It corresponds to the num-
ber of pixels with a certain intensity for each B-scan of Fig. 5.38. The curves with
the legends containing "[blood]" correspond to the same B-scans, where the back-
ground has been removed and only a section around the blood vessel is kept. It
can then be observed that the large peak extending from 0 to ∼ 80 pixel values
is due to the B-scan background noise. For pixel values larger than 80, the his-
tograms are overlapping for the B-scans with or without background noise. The
maximum value of each histogram, corresponding to the three different excitation
bands, are considered to estimate the oxygen saturation of the vessel present in this
B-scan. Then, these values have been normalised over their maximum, correspond-
ing to the value extracted from the PAM B-scan taken at 550 nm. Therefore, only
two numbers extracted from the experimental data can be compared to theoretical
values of Fig. 5.40, the one corresponding to the 530 nm and 580 nm excitation.
Figure 5.41b represents these two experimental values (circles) in comparison to
theoretical values (in colour) corresponding to different haemoglobin oxygen sat-
uration (70-90 %). A haemoglobin oxygen saturation of 80-85 % is inferred from
Fig. 5.41b. The uncertainty of this measurement is very high. Changing the max-
imum pixel value at 580 nm from ± 1 changes the oxygen saturation by ∓ 5 %,
while changing either the value at 530 nm or at 550 nm gives no result. Typically
PAM is performed with only two different excitation wavelengths to measure the
oxygen saturation of blood vessels [72]. Only a single value is compared to the
theoretical ones. Therefore, using three wavelengths improves the accuracy of the
measurement. However, we believe that using a SC source with a larger number
of excitation bands leads to better accuracy. In addition, reducing the bandwidth
of the excitation bands will improve the accuracy since a change in oxygen satu-
ration will leads to larger changes in the normalised values shown in Fig. 5.40. By
performing three-dimentional MPAM, the A-scans can be compared instead of the
B-scans, therefore the errors are mitigated.
We have successfully imaged a mouse ear in-vitro with the combined OCT-
MPAM system using a single light source. The structure of the ear is shown by
OCT and the vasculature by PAM. In addition, MPAM was performed which al-
lows measurement of the oxygen saturation of the blood vessel. For a more ac-
curate measurement more spectral bands and/or narrower bands could be used
for the excitation light. The system shows great potential for in-vivo biomedical
imaging. Better contrast is expected from in-vivomeasurements.
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5.3.3 In-vivo mouse ear
A mouse ear in-vivo was imaged at Northwestern University with the system pre-
sented in section 5.1.2. OCT and PAMwere performed. OCT uses 800-900 nm light
and PAM 500-800 nm. Unfortunately, the SC source used as the excitation light for
PAM had too low energy to performMPAM on the mouse ear. A nude mouse (25 g,
Charles River) has been anaesthesised by 2.5 % isoflurane mixed with 3.0 standard
litre per minute (SLPM) air and then transferred to a homemade holder. During
the experiment, the mouse was kept in anaesthesia by a mixture of 1.5 % isoflurane
and 1.5 SLPM air. All experimental procedures were approved by Northwestern
University IACUC. To perform the imaging, the mouse ear is flattened on a hori-
zontal plate.
OCT and PAM were performed consecutively. Figure 5.42 presents An OCT
summed voxel projection of themouse ear. The scanning area is 1.15mmx 1.15mm,
which is similar as in the previous section (1.2 mm x 1.2 mm). The OCT image
obtained is very similar to that obtained in-vitro at the University of Kent, see
Fig. 5.33a. Cell nuclei and sebaceous glands are clearly observed. A drop of water
is placed on the ear when PAM is performed for ultrasound coupling to the trans-
ducer. The transducer is placed very close to the sample to enhance the images
contrast. Because of the detection configuration (see Fig. 5.14, section 5.1.3), the
signal is weak at the edges of the imaging area; the highest contrast is observed
in the centre of each image. Therefore, the signal is detected within a very lim-
ited area (< 0.5 mm x 0.5 mm). The sample was then manually translated laterally
to cover a larger imaging area: 1.15 mm x 1.4 mm. 30 images were recorded, see
Fig. 5.43. Some of these images were stitched together to construct the PAM MAP
FIGURE 5.42: In-vivo mouse ear OCT summed voxel projection along the axial
direction for 0.375 mm in air. CN: cell nuclei (◦), SG sebaceous glands (↓). Scale
bars: 250 µm.
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FIGURE 5.43: Stiching of 30 PAMMAPs to construct Fig. 5.44b. Scale bars: 250 µm.
and B-scan presented in Fig. 5.44b and 5.44d, respectively. OCT was performed
at several positions on the sample to cover the area imaged by PAM. Each OCT
image corresponds to a scanning of 1.15 mm x 1.15 mm. To obtain the same total
imaged area with OCT as with PAM, three OCT images were stitched together, and
cropped. Figure 5.44a represents the OCT summed voxel projection and Fig. 5.44c
an OCT B-scan. The epidermis (EP), dermis (D) and cartilage (CT) of the mouse ear
are resolved, and large blood vessels (BV), cell nuclei (CN) and sebaceous glands
(SG) are observed.
Figure 5.44 shows the advantages of combining OCT and PAM. OCT and PAM
images can be superposed laterally as well as axially (in depth) since some features,
i.e. large blood vessels, are detectedwith both imagingmodalities. The tissue struc-
ture is observed with OCT while PAM images relieve the blood vessels, down to
small capillaries that are not observed with OCT. The contrast is much higher by
performing in-vivo measurements instead of in-vitro as presented in section 5.3.2.
The results obtained in Fig. 5.44 are of very good quality and very promising for
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(a) (b)
(c) (d)
FIGURE 5.44: In-vivomouse ear (a) OCT summed voxel projection along the axial
direction for 0.375 mm in air, (b) PAM MAP, (c) OCT B-scan taken at the position
indicated by the orange vertical line in (a), and (d) PAM B-scan taken at the posi-
tion indicated by the green vertical line in (b). BV: blood vessel (↓), CT: cartilage
(#), CN: cell nuclei (◦), D: dermis (l), EP: epidermis (⋆), SG: sebaceous glands (↓).
Images extracted from Fig. 3 of [2], Appendix A.2. Scale bars: 250 µm.
combined OCT-PAM imaging using a single SC source. For instance, for cancer
detection, it is not always sufficient to recognise a tumour by its structure (using
OCT), especially at early stages. Tumours are surrounded by a large vasculature,
therefore having in addition access to the blood vasculature with PAM could allow
cancer detection at an early stage.
5.3.4 Conclusions
OCT and PAM/MPAMwere successfully employed to image silicone-dye samples
and mouse ears. The sample’s structural information is observed with OCT. PAM
images the absorbers. By usingMPAM, different absorbers within the same sample
can be distinguished and blood oxygen saturation can be measured. The use of a
single SC source for these two different imaging modalities is promising.
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5.4 Summary and conclusions
sPAmeasurements, PAM,MPAM and OCTwere demonstrated on different in-vitro
and in-vivo samples. Different setups were developed to accommodate a single SC
source as the illumination for all modalities. These setups developed at North-
western University and at the University of Kent are presented in section 5.1. Two
different SC sources were used. The first one, used at Northwestern University,
was homebuilt. The development of this SC source is presented in chapter 4. The
SC source used at the University of Kent is commercially available (SuperK COM-
PACT, datasheet in Appendix B.2). These two SC sources have similar energy, ac-
cording to section 4.5 (chapter 4), so their utilisation should lead to similar results.
Unfortunately, the homebuilt SC source was damaged during shipment to North-
western University. Not enough energy was then available to perform MPAM.
MPAMwas only performed at the University of Kent.
With both SC sources, sPA measurements were performed that allowed to suc-
cessfully recover the absorption spectra of different absorberswithin the 500-850 nm
range. The same spectral range was used for PAM and MPAM. NIR/IR light
(850 nm and 1300 nm) was used for OCT imaging. OCT and PAM/MPAM were
performed at a frame rate of minimum 5-20 Hz for each modality by considering
500 A-scans per B-scan. OCT and PAM deliver complementary information about
the samples, i.e. structure from the scattering properties of the sample and function
from its absorption. MPAM permitted to distinguish different absorbers within the
sample and to measure the oxygen saturation of a blood vessel for a mouse ear in-
vitro.
These are promising results in performing OCT and MPAM of in-vivo biologi-
cal samples with a combined setup using a single SC source as the excitation light.
More spectral bands can be used for MPAM to improve the oxygen saturation mea-
surements for instance. By continuing the development of the homebuilt SC source
to offer enhanced energy (outlook in section 6.1, chapter 6), narrower bandwidths
could be used to improve the accuracy of the oxygen saturation measurement. The
access to larger PRFs would increase the imaging speed and/or reduce the images
noise. In addition, the SC source can be used to image lipids and collagen with
PAM by filtering the light around 1200 nm, according to Fig. 2.10 (section 2.2.7,
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This chapter presents several topics of research that result from the experimental
studies presented in chapters 4 and 5. Section 6.1 refers to the continuation of the
SC development presented in chapter 4. Sections 6.2 to 6.6 correspond to appli-
cations or new developments linked to the setup build at the University of Kent,
presented in section 5.1.3 (chapter 5).
6.1 Stable fibre-based SC source with enhanced energy
FIGURE 6.1: Estimated energy density at 500, 560, 600 and 700 nm, comparison
between the SC consisting of the Elforlight pump and the 10.7-5 taper PCF (),
the fibre-based pump and the 10.7-5 taper PCF before (1) (⋄) and after (5) ()
packaging, the SuperK COMPACT (×), and a hypothetical SC with 10 ns pulse
duration (△).
In chapter 4, the development of a fibre-based SC source was presented. Figure 6.1
represents the energy density in the visible delivered by different SC sources, cor-
responding to different steps in the research. The energy densities were estimated
using the energies presented in Fig. 4.61 (section 4.6, chapter 4) and dividing them
by the bandwidth of the filters. In addition, the energy density expected from a
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hypothetical SC source with a 10 ns pulse duration and good SCG (35 kW pump
peak power) is presented. The pulse duration is limited to 10 ns due to PA re-
quirements (section 2.2.5, chapter 2). The 35 kW pump peak power corresponds to
the estimated maximum peak power that the taper PCF can handle (for ns pulse
duration). Such a source would offer high energy density. Therefore, filters with
a bandwidth of less than 5 nm can be used and improve sPA measurements and
MPAM.
Further developments are required to build such a source with 10 ns pulse
duration and 35 kW of pump peak power. DMDs can be used to generate 10 ns
pulses with a tuneable PRF. The main work resides in building a stable MOPAwith
high amplification and little ASE. Tapered PCFs with larger input core diameter
(> 10 µm) can be considered to obtain even larger energy densities of the SC. Using
a smaller output core diameter (< 5 µm) could offer shorter blue edge and larger
energies in the visible.
A PhD student from NKT Photonics started in October 2017 with the goal of continu-
ing the development of the SC source presented in chapter 4.
6.2 Swept sources based on SC sources
with dispersive fibres
In chapter 5, the technology of spectrometer-based OCT (Sp-OCT) was presented,
using a SC source. The other Fourier-domain OCT (FD-OCT) method is based
on swept source OCT (SS-OCT) (section 2.3.1, chapter 2). With current available
technologies, the Sp-OCT concept presents wider spectral bandwidth than the SS-
OCT concept, hence offering better axial resolution. However, SSs can reach sev-
eral MHz sweeping [109–116], that is much faster than the 312 kHz line camera
commercially available [117–119]. For SS-OCT, spectrally broader SSs with several
MHz of sweeping frequency are necessary. Different approaches are used to build
SSs [110, 176]. We considered here the use of a SC in combination with a dispersive
fibre. A SC pulse is spectrally filtered to offer a bandwidth of hundreds of nanome-
ters. By coupling the SC into a dispersive fibre, the temporal pulse is broadened.
Fast SSs with broad spectra are achieved using this approach.
A proof of concept of this approach is presented here. A SuperK COMPACT
(NKT Photonics), filtered by a longpass filter with a cutoff wavelength of 1150 nm
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FIGURE 6.2: SC source pulse and SS amplitude over the sweeping period.
(FEL1150, Thorlabs), is used in combination with a dispersion compensating fibre
(DDU1171023, Draka Elite) that presents a dispersion parameter of -140 ps/(nm.km)
at 1550 nm. The total fibre length is 110 m. Figure 6.2 represents the SC pulse and
the SS pulse, corresponding to the light before and after the dispersive fibre. The SC
pulse duration (FWHM) is∼ 2 ns and presents a spectrumwith a FWHMof approx-
imately 300 nm, extending from 1150 nm (λS) to 1550 nm (λL). By estimating a fibre
dispersion of -235 ps/(nm.km) at 1200 nm and -150 ps/(nm.km) at 1500 nm [177],
the shorter wavelength cumulates a delay of ∼ 6.25 ns in comparison to the longer
wavelength. The SC pulses originate from the PCF that presents positive disper-
sion in this spectral band (1150-1550 nm). Therefore, the shorter wavelengths (λS)
propagate faster than the longer wavelengths (λL). A pulse duration of ∼ 4.25 ns
(6.25 - 2) is therefore expected for the SS. A pulse duration (FWHM) of ∼ 4.5 ns
was measured in Fig. 6.2, which correlates with our calculations. From Fig. 6.2 it is
observed that the pulse shape is inverted between the SC and the SS. This confirms
that shorter wavelengths (λS) that were ahead in the SC pulse are now delayed in
the SS, in comparison to longer wavelengths (λL). Further developments are nec-
essary to build such a SS. A carefully designed dispersive fibre is necessary and
a faster SC source such as the SuperK EXTREME (NKT Photonics) would allow
faster sweeping. The SuperK COMPACT offers a PRF of only 20 kHz. In addition,
fast photodiodes are necessary
Different groups are working on swept sources using time-stretching of pulses through
dispersive fibres [109, 112, 113].
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6.3 Beam alignment
When performing multimodal imaging using several illumination beams, their
alignment is often a challenge, especially when the beams are of different wave-
lengths. We present in this section the case of two different beams. One with a
spectrum in the IR, centred at 1310 nm with a FWHM of ∼ 90 nm, the second one
with a central wavelength of 600 nm and 50 nm bandwidth. The setup we used
here was presented in section 5.1.3 (chapter 5). In chapter 5, OCT at 1310 nm and
PAM in the visible were performed. The common alignment procedure consists
of using a target and aligning the beams together, visually. Here, we offer a more
precise method that uses PAM and OCT as alignment tools. This method can be
extended to the alignment of more illumination beams, at the condition that PAM
can be performed.
To align an PAM-OCT setup, one needs to consider different steps:
(1) Align transversally/laterally the OCT beam.
(2) Make sure that the sample is placed in the confocal gate (focus, axial alignment)
and adjust the OCT reference arm length to be within the range of several coher-
ence gates to achieve interference.
(3) Align the transducer, PAM detection.
(4) Align transversally/laterally the visible beam.
(5) Adjust the focus of the visible beam on the sample (axial alignment).
During a normal procedure one would operate in the following order. First
aligning transversally both beams together, (1) and (4). Then, aligning the sample
for OCT, (2). Finally, aligning the PAM detection with the excitation beam focus,
(3) and (5). It is difficult to perform separately the steps (3) and (5). The alignment
is often made first without any scanning, then, by scanning the sample and using
top views, summed voxel projection for OCT and maximum amplitude projection
for PAM. However it is really difficult to superpose OCT and PAM images.
The method proposed here would allow better and faster alignment. It requires
that PAM is performed with the same source used for OCT. Black tape is used as
the sample and placed on a horizontal and flat surface. A sample with a recogniz-
able pattern can be used such as an USAF target. Water is placed on the sample to
allow coupling of the ultrasounds generated to the transducer. In chapter 5, water
is placed only for PAM however, here water is kept for OCT imaging as well. The
sample is scanned in one lateral direction. This procedure can also be performed in
the perpendicular scanning direction in order to align both modalities in the three
dimensions. The OCT channel is first aligned using IR excitation, and using clas-
sical procedures, (1)-(2). Figure 6.3a represents an OCT B-scan of the black tape.
Chapter 6. Outlook 171
(a) (b)
FIGURE 6.3: (a) OCT and (B) PAM B-scans of a black tape, using IR excitation.
Scale bars: 500 µm.
Then with the IR beam left on, the transducer is aligned in the three spatial direc-
tions to maximise the detected signal while offering an imaging area as wide as
possible, (3). Figure 6.3b represents the black tape PAM B-scan using the IR beam
as the excitation beam. A "shadow" signal is observed due to the transducer re-
sponse (similar to Fig. 5.5a, section 5.1.1, chapter 5). The curvature induced by
the PA detection configuration is not corrected here (see details in Fig. 5.14, sec-
tion 5.1.1, chapter 5). The next step consists of aligning the visible beam laterally
(4). Figures 6.4a and 6.4b represents the PAM B-scan using the visible excitation
light before and after lateral alignment of the beam. The vertical orange dashed
line with the arrow helps showing the original lateral misalignment of the visible
beam. The alignment of the visible beam may be easier by using simultaneously
the visible and the IR beam (Fig. 6.4c and 6.4d). Figure 6.4e represents the superpo-
sition of Fig. 6.3b (red) and 6.4b (blue) corresponding to the black tape PAMB-scans
with IR excitation and with visible excitation, respectively. The pink/purple colour
corresponds to an overlay of red and blue. The last step consists of aligning axially
the focal position of the visible beam on the top of the IR beam focal position, (5).
A telescope would be needed in either the IR beam channel or the visible beam
channel to correct for this.
Due to chromatic aberrations of the lens (LA1027, Thorlabs) used to focus the
beams on the sample, the focus of the IR beam is situated approximately 1 mm (in
air) deeper than the focus of the visible beam. The thickness of thewater layer of ap-
proximately 5mmwas taken into consideration due to thewavelength-dependence
of the water refractive index. However, in Fig. 6.4e only a ∼ 100 µm offset is ob-
served, corresponding to the periodicity of the PA "shadow" signal. In addition the
amplitude of the PA signal corresponding to IR excitation (Fig. 6.3b) is weaker than
for visible excitation (Fig. 6.4b). However, the energy on sample is 5 times larger




FIGURE 6.4: PAMB-scans of a black tape, using the visible excitation (600 nmwith
50 nm bandwidth): (a) before and (b) after alignment of the beam, and PAM B-
scanswith both the IR and the visible spectral bands exciting the sample: (c) before
and (d) after transversal alignment of the visible beam, and (e) superposition of
the B-scans for the IR excitation (red) and the visible excitation (blue). The orange
dashed lines indicate the middle of the B-scan and the orange arrows indicate the
lateral misalignment of the beam. Scale bars: 500 µm.
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in the IR than in the visible. Therefore, a stronger PA signal should be expected,
considering a flat spectral absorption of the black tape, for IR excitation than for
visible excitation. This is not observed here. Effectively, when performing these
measurement, a mistake was done: the transducer was not aligned with the IR ex-
citation, as expected, but with the visible one. Since the focus of the IR beam is
approximately 1 mm (in air) deeper than the focus of the visible beam, a large drop
in the transducer signal is observed.
The access to two illumination bands with PAM and OCT using a single SC
with nanosecond pulse duration is useful in aligning the excitation beams as well
as aligning the transducer. We have shown here how this can be performed, and
especially how mistakes can be made by not performing the alignment correctly!
6.4 IR PAM and visible OCT
In chapter 5, OCT in the NIR/IR (850 nm and 1300 nm) and sPA/PAM/MPAM
in the visible were presented. Using longer wavelengths for OCT allows deeper
penetration in tissue. 1300 nm OCT is mainly used for skin imaging [29, 47–49]
and cornea imaging [50]. However, because of the strong water absorption around
1300 nm, it is not suitable for imaging the retina. Visible sPA, PAM and/or MPAM
are used mainly to image blood, measure its oxygen saturation and can be used to
differentiate melanin from blood [29, 31, 58, 62, 69, 72]. Dyes such as ICG can be
used as contrast agents [52, 53].
Different spectral bands can be used for OCT and PAM. For instance visible
OCT allows better axial resolution at the cost of the imaging depth compared to
IR OCT [40]. Spectroscopic OCT on blood vessels can be performed in the visible
[31, 38–41]. PAM can be performed in the IR [57, 62–64]. For instance lipids and
collagen absorbs around 1200 nm (Fig. 2.10, section 2.2.7, chapter 2).
The setup presented in Fig. 5.10 of section 5.1.3 (chapter 5) was used to per-
form OCT at 1310 nm and sPA/PAM/MPAM in the visible. The setup can easily
be adapted to perform OCT in the visible and PAM in the IR. Figures 6.5a and 6.5b
represents the PAM-OCT setup used for visible PAM - IROCT and, a possible adap-
tation for IR PAM - visible OCT, respectively. For visible OCT, the central wave-
length and the bandwidth can be selected by the VARIA within a range extending
from 450 nm to 840 nm. A coupler and a spectrometer can be added to the visi-
ble channel for OCT imaging. The reference arm used previously for IR OCT can
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be used for visible OCT since silver-coated reflective fibre collimators were used.
Since the CMSI method is used for the signal processing (details in section 2.3.5 of
chapter 2), no dispersion compensation elements are needed. In the IR channel, the
50/50 coupler and the spectrometer can be removed. Additional bandpass filters
can be incorporated in the IR channel to perform sPA/PAM/MPAM.
(a) sPA/PAM/MPAM in the visible and OCT at 1310 nm
(b) sPA/PAM/MPAM in the IR and OCT in the visible
FIGURE 6.5: (a) Sketch of the setup presented in section 5.1.3 (chapter 5) and, (b)
potential sPA-PAM-MPAM-OCT setup using different illumination bands. AMP:
electrical amplifier, BP: bandpass filter, C: 50/50 coupler, DM: dichroic mirror,
LP: longpass filter, M: mirror, Obj: objective lens, PC: polarisation controller, PH:
pinhole, RC: reflective collimators. ⋆ Triggered together. In red in (b), new com-
ponents.
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We can imagine as well combining both configurations together. Little modifi-
cations would be necessary. Only an additional reference arm would be necessary.
Combining these four imaging channels is of great interest. Visible and IR OCT
could be performed simultaneously. A better axial resolution is achieved with vis-
ible OCT than with IR OCT, while IR OCT offers a longer axial range. PAM could
be performed in the visible and in the IR sequentially. The results could be used
to differentiate different absorbers within the same tissue, e.g. blood in the visible
and lipids in the IR. Spectroscopic measurements can be performed both with vis-
ible OCT and with visible PAM. In depth, OCT offers an accurate scaling, thanks
to CMSI, while for PAM it is highly dependent on the detection configuration and
alignment. By overlapping spectroscopic measurements of the same sample per-
formed with OCT and PAM, PAM can be strictly calibrated in depth.
Unfortunately, due to the limited time of my PhD, I only managed to gather the compo-
nents necessary for building the visible OCT (homebuilt spectrometer and 50/50 coupler).
A PhD student will continue the work at the University of Kent from September 2018. In
addition this work has inspired Manoj Kumar Dasa, a PhD student from DTU (Denmark),
who is developing IR PAM for lipids imaging.
6.5 Potential applications
In chapter 5, OCT and MPAMwere performed on silicone-dye samples and mouse
ears as a proof of concept. Different samples can be used. By imaging the skin in-
vivo, the vascular network can be imaged with PAM and the structure with OCT.
With sPA orMPAMdifferent contrasts can be obtained and irregularities can be im-
aged and tumours detected for instance. Performing OCT for guidance and sPA in-
vivo on a mouse heart in both the right and the left ventricle could inform on their
respective oxygen saturation and potentially help detecting some diseases. The
mouse tail is an interesting sample since the OCT can show the different superficial
layers of the tail, while IRMPAM could differentiate collagen from lipids. The brain
contains a multitude of blood vessels for instance. For eye imaging, the cornea can
be resolved by IROCT, the retina imaged byNIR or visible OCT.Melanin and blood
vessels can be imaged by MPAM. Histopathological samples containing tumours
could be imaged byOCT andMPAM to separate affected tissue from healthy tissue.
New ethical approvals were necessary to use histopathological sample and tis-
sue delivery needed to be organised. Unfortunately, my period at the University
of Kent was too short to organise such an agreement. To perform measurements
Chapter 6. Outlook 176
(a)
(b) (c)
FIGURE 6.6: OCT B-scans, in-vivo, of (a) a fingertip, (b) and (c) of finger nails and
skin. BV: blood vessel (↑), D: dermis, EP: epidermis (⋆), N: nail, SG: sweat glands
(↓). Scale bars: 500 µm.
on in-vivo mouse, the setup needed to be moved to a different facility. Even if the
setup is portable, some additional developments were necessary to perform in-vivo
imaging. To image the mouse heart, once anaesthesised then with the chest open,
the heart keeps beating for less than 5-10 minutes. The alignment and the imag-
ing need to be performed within that duration. To perform such experiment, an
automatic switching of wavelengths with the VARIA, automatic saving of the PA
signal amplitude for sPA and, quick alignment of the beams on the sample would
be necessary. We did not have time to perform such a difficult experiment. Only
in-vivo human fingers and in-vitro results of animal tissue are presented here.
OCT images were taken on only a few samples using the setup presented in sec-
tion 5.1.3 of chapter 5 (1300 nm OCT). Figure 6.6a represents a B-scan of a fingertip
and Fig. 6.6b and 6.6c of finger nails and skin. All measurements were performed
on human fingers in-vivo. Sweat glands can be observed in the epidermis. Some
superficial blood vessels can be observed in Fig. 6.6b.
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(a) (b)
FIGURE 6.7: In-vitro OCT of a mouse heart with (a) en-face OCT selected from a
depth of 0.6 mm (measured in air), position indicated in (b) by the arrow−→ and,
(b) B-scan taken at position indicated by the orange line in (a). Scale bars: 500 µm.
(a) (b)
(c)
FIGURE 6.8: In-vitro OCT of a mouse tail with (a) summed voxel projection along
the axial direction for 3 mm in air, (b) B-scan taken at position indicated by the
orange line in (a) and, (c) 3D representation. D: dermis, EP: epidermis (⋆), H: hair
(→). Scale bars: 500 µm.
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In-vitro mouse ear were imaged in section 5.3.2 (chapter 5) with OCT (and
PAM). Different samples excised from the same mouse are imaged here with OCT.
Figure 6.7 shows OCT images of part of the mouse heart. Unfortunately, we did not
manage to observe the heart structure. The OCT imaging depth may be too short
or we did not manage to place the heart in a way we could see the ventricles and
atriums. The mouse heart has already been imaged with OCT where the ventricles
and the atriums can be delineated [178, 179].
Figure 6.8 represents OCT images of a section of a mouse tail. The tail structure




FIGURE 6.9: In-vitro OCT of a mouse brain with (a) en-face OCT selected from a
depth of 1.2 mm (measured in air), position indicated in (b) by the arrow −→, (b)
B-scan taken at position indicated by the orange line in (a) and, (c) 3D representa-
tion. Scale bars: 500 µm.
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Figure 6.9 presents part of the mouse brain imaged with OCT. The shape of the
cerebrum is clearly observed in the en-face OCT in Fig. 6.9a. Several groups have
imaged the brain with OCT [45, 181].
Figure 6.10 presents different views of an excised mouse eye. The total surface
of the eye is scanned with the OCT. Scleral vessels are observed in Fig. 6.10a and
6.10c. The cornea is imaged as well as the ciliary body holding the eye lens. Eye
imaging is the most common OCT application, therefore a large amount of publi-
cations are covering the subject with much better quality imaging, in-vivo, but as
well on human eye with the cornea and the retina [38, 39, 47, 50, 107, 182, 183].
(a) (b)
(c)
FIGURE 6.10: In-vitroOCT of amouse eye with (a) summed voxel projection along
the axial direction for 3 mm in air, (b) B-scan taken at position indicated by the
orange line in (a) and, (c) 3D representation. C: cornea (↓), CB: ciliary body (↑), S:
sclera, VC: vitreous chamber. Scale bars: 500 µm.
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These different OCT images show the versatility of the OCT setup presented in
section 5.1.3 (chaper 5) and show the potential for in-vivomouse imaging. By com-
bining sPA or MPAM with OCT, further information could be extracted from such
samples. The blood oxygen saturation in the heart ventricles could be potentially
measured with sPA, the lipids content of the mouse tale with MPAM in the IR, the
blood oxygen saturation in the brain and in the retina with MPAM.
6.6 Tympanic membrane
We believe that by using the photoacoustic principle, sound could be detected by
people with hearing loss. By exciting the tympanic membrane with visible light
at a given frequency, the membrane will absorb the light and by photoacoustic ef-
fect it is expected to move at the same frequency, which creates sound. The SuperK
COMPACT presents a PRF of up to 20 kHz which is audible by the human ear (typ-
ical hearing range: 20 Hz-20 kHz). We built a prototype and tested it on professor
Adrian Podoleanu but he could not hear any sound. Figure 6.11 presents a picture
of the prototype that allows the visible beam to be focused on the tympanic mem-
brane by using the SuperK COMPACT filtered by the VARIA as the illumination.
FIGURE 6.11: Photos of the prototype to perform photoacoustic on the tympanic
membrane.
Further developments are required to build a more robust and make sure that the ex-
citation beam is reaching the tympanic membrane. Several groups have published on this
matter over the past years [184, 185]. The tympanic membrane was also imaged with OCT
[44, 186]. Integrating an OCT probe could help the alignment of the beam.
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Most of the work presented in chapters 4, 5 and 6 was developed from scratch.
The proof of concept of using a single SC source for sPA, PAM, MPAM and OCT
was documented. Some preliminary work on building a SC with enhanced energy
and tuneable PRF to suits PAM and OCT was developed. Based on the ideas and
results presented in this chapter, the research can continue... By performingMPAM
and OCT simultaneously, tumours could be detected at an early stage of the cancer
development. Therefore, the patient will have higher chances to be cured with
lower consequences on his life. The vasculature around the tumour as well as the
blood oxygen saturation could be mapped with MPAM. MPAM could allow to see





The overall aim of this PhD thesis is the investigation of supercontinuum (SC)
sources for spectroscopic photoacoustic (sPA), photoacoustic microscopy (PAM),
multispectral PAM (MPAM) and optical coherence tomography (OCT). The study
focuses on two categories: the development of novel SC sources, specially designed
for such applications and, the use of SC sources for these different imaging modal-
ities.
In chapter 2, the theory of PAM and OCT is presented, with an introduction to
sPA and MPAM. The requirements in terms of light source for sPA, PAM, MPAM
and OCT are explained to understand the motivation for developing a novel SC
source for such imaging modalities. In chapter 3, SC theoretical concepts and cur-
rent limitations were presented to understand the challenges we came across in the
development of a novel SC source, presented in chapter 4. In chapter 5, sPA-PAM-
MPAM-OCT is performed using a single SC source. To the best of my knowledge, it
was the first time such results were obtained. The work presented in this thesis will
lead to more opportunities, outlook and future perspectives, as given in chapter 6.
Novel SC source
In chapter 4, the SC source design is presented. A fibre-based SC source with
nanosecond pulse duration, tens of kHz of pulse repetition frequency (PRF) and
a broadband spectrum was developed.
Tapered photonics crystal fibres (PCFs) were developed with a larger input core
diameter to enhance the SC energy density without degrading the SC bandwidth.
An all-fibre based pump was developed based on a master oscillator power ampli-
fier (MOPA) seeded with a directly modulated diode (DMD). Such a pump config-
uration offered the desired tuneability in terms of pulse duration and PRF for PAM
and OCT.
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A pulse duration of 1-2 ns with a PRF of 25 kHz was obtained with a broadband
spectrum expanding from ∼ 475 nm to 2400 nm. Several mW was made available
within a 100 nm bandwidth for OCT. More than 50 nJ is accessible within a band-
width of 15-30 nm in the visible, and more than 100 nJ within a bandwidth of 10-
20 nm in the NIR/IR. Higher PRFs can be used at the expense of a narrower spec-
trum. For instance, up to 500 kHz can be used for OCT at 1300 nm. This SC source
presents less than 10 % of pulse-to-pulse fluctuation, with overall noise properties
competitive for PAM and OCT imaging in comparison to commercially available
SC sources from NKT Photonics. This source can replace the SuperK COMPACT
for PAM and the SuperK OCT for OCT (at the cost of a noise increase by a factor of
×4).
Multimodal imaging
In chapter 5, sPA measurements, PAM, MPAM and OCT images are presented.
Visible light was used for sPA, PAM andMPAM to target different absorbers, while
NIR or IR was used for OCT to image tissue structures. Two different SC sources
were used: the fibre-based SC source presented in chapter 4 and the SuperK COM-
PACT (datasheet in Appendix B.2).
Measurements were performed on diverse in-vitro and in-vivo samples contain-
ing blood, melanin, and dyes (Rhodamine B, Malachite Green and ICG). Mouse
ears were as well imaged.
With sPA the absorption spectrum of such absorbers was recovered by using
∼ 15 different spectral bands of 10-50 nm bandwidth centred around different
wavelengths within the 500-850 nm range. Energies up to 95 nJ were used, re-
sults are even obtained with as little as 2 nJ.
Silicone-dyes samples were imagedwithMPAM-OCT. The structure of the sam-
ple is recorded by OCT, while MPAM allows to recognise the different dyes due
to their different absorption spectra. PAM is performed with different excitation
bands with central wavelengths of 542 nm, 616 nm and 800 nm, corresponding to
the maxima of absorption of the dyes (Rhodamine B, Malachite Green and ICG, re-
spectively). Bandwidths of 25 nm and 50 nm were used, corresponding to 30-40 nJ
per band and 60-90 nJ, respectively. Using a narrower bandwidth reduces both the
imaging range and the signal-to-noise ratio. However, less overlapping between
the different dyes absorption spectra is observed. An imaging area of ∼ 5 mm2 is
obtained.
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Mouse ears are often used for PAM imaging since they offer a large vasculature
network. We imaged a mouse ear in-vitro with MPAM and OCT. An imaging area
of ∼ 1.5 mm2 was obtained. Melanin and blood contributions to the images were
recognised, thanks to MPAM, in addition, blood oxygen saturation could be esti-
mated. By imaging a mouse ear in-vivowith PAM and OCT, a stronger contrast was
obtained and small capillaries were imaged with PAM.
Chapter 5 demonstrated a proof of concept on using a single SC source for sPA,
PAM, MPAM and OCT. Very promising results were obtained for these imaging
modalities using a single SC source as the excitation light. The optimisation of the
SC source presented in chapter 4 should allow the generation of larger energies
with narrower spectral bands. This should make possible the MPAMmeasurement
of blood oxygen saturation with better accuracy, on larger volumes and in-vivo,
for instance. The use of larger PRFs should also improve the imaging speed and
the noise in the images, for both PAM and OCT. The use of a different PAM con-
figuration, by using for instance a different detector, may increase the imaging area.
During this PhD, we demonstrated for the first time the development of a SC
source with sufficient energy to perform sPA and MPAM. For the first time, sPA
measurements were performed, thanks to SC sources. In addition, for the first time,
a single source was used to perform PAM and OCT that allowed sufficient images
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power handling and small-core output that provides the desired spectral range of the supercontinuum source.
© 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.6.061005]
Keywords: supercontinuum; light; energy; photoacoustic.
Paper 150735SSR received Oct. 30, 2015; accepted for publication Dec. 31, 2015; published online Feb. 2, 2016.
1 Introduction
Photoacoustic microscopy (PAM) is an absorption-based and
depth-resolved imaging technique that combines optical excita-
tion of a zone of interest with ultrasonic detection of the created
waves.1 A high-pulse energy laser illuminates biological tissue,
where molecules absorb the optical energy. A rapid thermoelas-
tic expansion generates broadband, high-frequency ultrasonic
(acoustic) waves that are used to reconstruct a depth-resolved
map of the optical absorption region. A two-dimensional scan-
ning of the excitation laser allows acquisition of a three-dimen-
sional functional image. Absorption spectra of several main
absorbers contained in human tissue are shown in Fig. 1.
For functional bioimaging based on absorption, the window
of interest is between 200 and 2000 nm approximately. Using
multiple wavelengths in so-called functional PAM allows both
imaging and differentiation of multiple absorbers within a
sample. A typical example is the imaging of melanomas, where
wavelengths around 584 and 764 nm can be used to differentiate
hemoglobin and melanin and thereby differentiate the mela-
noma from the surrounding vasculature.9
Originally, PAM was demonstrated using single-wavelength
lasers as the optical excitation source, such as an Nd:YAG
Q-switched laser at 1064 nm or frequency-doubled to 532 nm,
or dye lasers. The pulse width is typically 1 to 10 ns with a pulse
repetition rate in the hertz to tens of kilohertz range.10–12 Fixed
single-wavelength sources made such systems heavily reliant on
sample absorption at or near the laser wavelength and are not
suitable for multispectral PAM. Optical parametric oscillators
(OPOs) have been used for multispectral functional PAM to
allow wavelength tunability, reaching a broad tuning range
covering 270 to 1300 nm.13 However, OPOs have a low
pulse repetition rate and are bulky and expensive. Stimulated
Raman scattering fiber-laser sources have also been used for
multispectral functional PAM; however, the accessible wave-
lengths were limited.14
These limitations can be circumvented using a broadband
supercontinuum source, which today can be constructed to
have over two octaves of bandwidth from about 500 to above
2200 nm,15 and can be used in conjunction with optical bandpass
filters, such as acousto-optic tunable filters to select the suitable
emission wavelength that would allow a fast tunability between
different wavelengths (typically tens of kilohertz). Such a strategy
would allow multispectral functional PAM capable of interrogat-
ing samples containing a wide range of absorbers using a single
optical source. However, even state-of-the-art supercontinuum
sources do not deliver enough pulse energy to make them suit-
able for use in multispectral PAM, which requires more than
1.25 nJ∕nm.16,17
Here, we address this issue and present a careful design of
a nonlinear fiber for spectral broadening, which is fabricated
by tower tapering and combines a large-core input fiber for
high-pulse energy handling with a small-core fiber that gives
the desired spectral bandwidth. With this nonlinear fiber, we
achieve a supercontinuum source with a pulse energy density
above 15 nJ∕nm over a broad bandwidth of 500 to 1600 nm.
2 Fiber Taper Design
Our aim is to increase the pulse energy density of the supercon-
tinuum source over a bandwidth as broad as possible, ideally
covering at least the 500 to 1000 nm wavelength range. The
pulse energy scales with the pulse width and the peak power.
For PAM, the pulse width is typically 1 to 10 ns to enable stress
and thermal confinement.1,18Hence, to increase the pulse energy
density in a certain wavelength band of the supercontinuum
spectrum, a pump laser with a pulse width close to the maximum
*Address all correspondence to: Magalie Bondu, E-mail: mbo@nktphotonics
.com 1083-3668/2016/$25.00 © 2016 SPIE
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10 ns should be used, and the pulse peak power in that band
must be increased.
Supercontinuum sources typically comprise a pump laser
coupled into a highly nonlinear fiber.15 To increase the peak
power within a specific wavelength range one can (1) increase
the pump peak power, which will both increase the power and
change the spectral profile of the supercontinuum, or (2) change
the fiber design to spectrally shape the supercontinuum and
move power from a nonimportant wavelength range into the
desired wavelength range.19,20 We report on a method using
both solutions.
Most common commercial supercontinuum sources use a
microstructured photonic crystal fiber (PCF) with a small-core
diameter, both to move the zero-dispersion wavelength (ZDW)
below the pump laser wavelength of 1064 nm21 and to achieve a
certain blue edge, typically below 500 nm.22 Standard supercon-
tinuum PCFs have a guiding core diameter of <5 μm surrounded
by a microstructure consisting of air holes of diameter d with a
relative hole diameter, or air-hole diameter to pitch ratio (d∕Λ),
of around 0.5 (e.g., the SC-5.0-1040 from NKT Photonics), and
generate a broad spectrum with a blue edge around 475 nm and
a red edge above 2300 nm.20
The small core increases the effective nonlinearity of the
fiber and thus the efficiency of the supercontinuum generation
(SCG), but it also limits the power-handling capability. Since the
maximum optical pulse peak power a fiber can handle is linked
to the energy per surface area at a given pulse width, it would be
desirable to use a larger core fiber to allow higher energy pulses
to be coupled into the fiber. However, since the nonlinearity
is inversely proportional to the effective mode area, simply
increasing the core diameter leads to less efficient SCG, in par-
ticular if it moves the ZDW above the pump wavelength so that
the pump is in the normal dispersion regime.23 More impor-
tantly, by increasing the core diameter, the blue edge of the spec-
trum is typically shifted to longer wavelengths,20,22,24 reducing
coverage of the PAM window.
Our solution is to use a carefully designed PCF taper, which
connects an input and output PCF, each with their carefully
chosen designs: a large-core fiber that can handle high-pulse
energy at the input and a standard highly nonlinear small-core
PCF at the output that produces the desired blue edge of the
output spectrum. Tapered fibers were used early on for SCG25
and have been thoroughly studied in terms of how they shift
the dispersion wavelength and supercontinuum spectral edges
(see Refs. 19 and 20 for recent reviews).
The simplest tower tapering method only changes the draw-
ing speed in order to make the taper and thereby, to a good
approximation, maintains the relative hole diameter d∕Λ while
reducing the hole-to-hole pitch Λ. In this case, there is an
optimum pitch that gives the shortest blue edge determined
by group-velocity matching to the red edge.20,24 For a relative
hole diameter of 0.52, the optimum pitch is, for instance,
2.6 μm, which results in a blue edge of around 479 nm depend-
ing on the infrared loss edge.24 Interestingly, this optimum pitch
is typically the one for which the second ZDW crosses the infra-
red loss edge of the fiber.24 The amount of power in the blue
edge is determined by so-called group-acceleration matching
and decreases with the steepness of the taper (i.e., long tapers
have more power closer to the blue spectral edge).24,26
While most of the focus in fiber tapering has been on expand-
ing spectral coverage at the blue edge, it should be mentioned
that theoretical work has also been done on designing special
taper profiles that allow to manipulate the red edge in terms
of optimizing the Raman-induced soliton self-frequency shift.27
When tapering PCFs in particular, a more complicated strat-
egy of draw tower tapering is employed, where both the draw
speed and the pressure on the air holes are controlled. Such a
strategy allows optimum control of the air hole microstructure
along the taper. This was used to make a supercontinuum PCF
taper with a single-mode input (d∕Λ ¼ 0.52, Λ ¼ 3.3 μm) and
a large relative hole diameter at the output (d∕Λ ¼ 0.85,
Λ ¼ 2.2 μm) for obtaining a deep-blue supercontinuum with
a blue edge at 375 nm.28
In view of these results and general design rules, we choose
here simple tower tapering where only the drawing speed is var-
ied to change the core diameter with a fixed relative hole diam-
eter. This gives the best taper reproducibility and is sufficient
here since we have chosen two input and output PCF designs
Fig. 1 Absorption coefficients of several main absorbers contained in human tissue. The graphs for
water have been drawn by adapting data from Refs. 2–4. The graph for the melanin (melanosoma)
was inferred using Eq. (8) in Ref. 5. Oxygenated and deoxygenated blood graphs have been obtained
by adapting data from Refs. 6 and 7. The graph for human fat has been drawn using data from Ref. 8. 260
and 280 nm are the relevant wavelengths used for DNA, RNA base identification, and DNA/proteins ratio
measurement.
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that have the same relative hole diameter of 0.52. To avoid too
much spectral broadening in the tapered section connecting our
two fiber sections, we use rather short 0.5 to 1 m tapered sec-
tions. The fiber output section is similar to a standard supercon-
tinuum fiber with a 5 μm core diameter and the input section is a
larger core fiber with a core diameter above 10 μm for increased
power handling. The ZDW of the input section of the fiber is
above 1170 nm, and thus we are pumping 100 nm into the nor-
mal dispersion regime of a large-core fiber with long pulses.
Significant spectral broadening is therefore not expected before
the optical pulse reaches near the end of the tapered section
where the ZDW crosses the pump wavelength of 1064 nm.
3 Experimental Setup and Specific Fibers
The experimental setup is shown in Fig. 2. A 1064-nm Elforlight
laser (Model FQS-400-1-Y-1064) emitting pulses with a dura-
tion of 4 ns, a repetition rate of 1 kHz, and pulse energies of up
to 500 μJ is used as pump laser. A half-wave plate (HWP) and a
polarizing beam splitter (PBS) allow for continuous adjustment
of the laser power, while an aspheric lens (AL) is used to couple
the pump into the PCF. The AL focal length is optimized for
each PCF in order to maximize the coupling efficiency. The
PCF input end is fixed to a NanoMax three-axis precision trans-
lation stage, and the angle of the input beam with respect to the
AL can be adjusted with two steering mirrors in order to opti-
mize coupling, which for this work was typically around 60%,
so that the total output energy of the supercontinuum is typically
around 20% to 30% of the pump laser. An integrating sphere is
used to collect the output signal and relay it to an optical spec-
trum analyzer (OSA) via a large-core step-index fiber. Two sep-
arate OSAs are used in order to record the full spectrum, one
with a scanning range from 350 to 1750 nm (Yokogama, Ando
AQ6315) and a second one covering a range from 1200 to
2400 nm (Yokogama, AQ6375). A broadband power meter
(Ophir Photonics, 3A-QUAD) is used to measure the total opti-
cal power in the supercontinuum. The supercontinuum spectrum
is then calibrated using all measurements and plotted in terms of
energy density in nJ∕nm.
We tested five different PCFs drawn by NKT Photonics, four
of which were specially designed for this study with an approx-
imately fixed relative hole diameter of 0.52. There are three
straight PCFs with core diameters of 5 (SC-5.0-1040), 9
(PCF-9), and 10 μm (PCF-10) and two PCF tapers with an
input core diameter of ∼10 μm tapered down to 5 μm over a
length of 0.5 to 1 m (tapers 10.3-5 and 10.7-5). The specific
longitudinal profile and the input and output end facets of
the tapered fibers are given in Fig. 3.
4 Experimental Results
For each of the five PCFs, we measure the pump pulse energy it
can transmit before damage occurs and the supercontinuum
spectrum at a pump pulse energy just below the damage thresh-
old. Figure 4 shows the damage threshold for several PCF input
end core diameters and illustrates the linear dependence of the
damage threshold with the core area at the input end of the fiber.
More importantly, we see no difference between the straight
fibers and tapered fibers with similar input core diameter. Hence,
the damage threshold of the tapered fibers is that of the input
fiber; that is, no damage occurs within the tapered and straight
sections.
We conclude that the input core diameter is, as we thought,
the relevant parameter for determining the maximum permis-
sible energy that can be coupled into a PCF.
Figure 5 shows the supercontinuum spectrum generated by
each of the standard PCFs (SC-5.0-1040, PCF-9, and PCF-10)
and the taper designated as 10.7-5. The optical spectra have been
recorded using an input energy corresponding to ∼70% to 90%
of the damage threshold.
Table 1 lists the core diameter, the total supercontinuum out-
put pulse energy, the visible pulse energy, and the theoretical and
experimental blue edges. The visible energy is measured by fil-
tering out the light above 850 nm and the blue edge is evaluated
at the 2 nJ∕nm level.
Fig. 2 Experimental setup.
Fig. 3 Longitudinal profile of the tapered fibers with microscope
images of the end facets for taper 10.7-5 (black arrow represents
10 μm). The length of the straight input section is ∼2 m, and the
total fiber length is ∼15 m. The length of the tapered section is
about 1 m for taper 10.7-5 and 0.5 m for taper 10.3-5.
Fig. 4 Damage threshold versus core area for the PCFs used in these
tests. Light blue circle: SC-5.0-1040. Blue triangle: PCF-9. Dark dia-
mond: PCF-10. Green square: tapered 10.3-5. Black square: tapered
10.7-5.
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The spectra shown in Fig. 5 confirm that the tapered fiber
indeed provides a much higher pulse energy density while
simultaneously emitting a supercontinuum with a blue edge
that remains at 475 nm. We also see that the large-core straight
fibers perform equally as well as the tapered fiber in term of
power handling; however, the blue edge is too far shifted toward
longer wavelengths to be of any use for functional multispectral
PAM. Table 1 shows that the available visible pulse energy from
the tapered fiber is improved by more than a factor of 3 over the
5-μm core standard fiber, and the pulse energy density exceeds
15 nJ∕nm within the 500 to 1600 nm wavelength range.
5 Conclusion
We have demonstrated a supercontinuum source especially
suitable for functional multispectral PAM. The source exhibits
a significantly enhanced output pulse energy within a broad
bandwidth where a wide range of human tissue components
manifest high absorption. The supercontinuum source uses a
carefully designed tapered PCF, which combines the enhanced
power handling of a large-core input fiber with the high non-
linearity and spectral broadening performance of a small-core
PCF. The taper design allows higher supercontinuum output
pulse energy without shifting of the blue edge of the spectrum
from 475 nm. The obtained supercontinuum source has a pulse
energy density above 15 nJ∕nm over a record 1100 nm
bandwidth, covering 500 to 1600 nm. This source, when com-
bined with optical bandpass filters, can serve functional multi-
spectral PAM applications.
The supercontinuum output energy can be further scaled up
by increasing the input core diameter and then use a pump
source with a higher peak power. The pulse width cannot
be increased much from the 4 ns values used here, due to the
inherent restrictions in PAM, which requires stress and thermal
confinement.
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We report the usefulness of a single all-fiber-based
supercontinuum (SC) source for combined photoacoustic
microscopy (PAM) and optical coherence tomography
(OCT). The SC light is generated by a tapered photonic
crystal fiber pumped by a nanosecond pulsed master oscil-
lator power amplifier at 1064 nm. The spectrum is split into
a shorter wavelength band (500–800 nm) for single/multi-
spectral PAM and a longer wavelength band (800–900 nm)
band for OCT. In vivo mouse ear imaging was achieved
with an integrated dual-modality system. We further dem-
onstrated its potential for spectroscopic photoacoustic
imaging by doing multispectral measurements on retinal
pigment epithelium and blood samples with 15-nm line-
width. © 2016 Optical Society of America
OCIS codes: (060.3510) Lasers, fiber; (320.6629) Supercontinuum
generation; (170.5120) Photoacoustic imaging; (170.4500) Optical
coherence tomography.
http://dx.doi.org/10.1364/OL.41.002743
Over the past decades, the advancement in multi-modality op-
tical imaging has benefited biomedical research and clinical di-
agnosis by providing complementary contrasts. The contrasts
originating from two major optical properties of biological tis-
sue, absorption and scattering, can be revealed by using photo-
acoustic microscopy (PAM) and optical coherence tomography
(OCT), respectively. PAM is an emerging imaging technique
that allows mapping of tissue optical absorption properties
by detecting ultrasonic wave generated from thermoelastic
expansion following pulsed laser beam excitation. OCT, on
the other hand, can reconstruct the three-dimensional (3D)
distribution of scattering properties within tissue by low-
coherence interferometry. Integrated PAM and OCT systems
have already proven their usefulness in retinal, skin, and ovarian
tissue imaging, and microcirculation studies [1–4].
In most of the previous dual-modality designs, two different
light sources were employed, since no single commercially
available light source is suitable for both PAM and OCT.
PAM typically uses narrowband pulsed laser excitation and pre-
fers tunability of dye lasers or optical parametric oscillators
(OPO) to perform multispectral imaging for functional infor-
mation [3,5]. OCT uses broadband light sources, among which
super-luminescent diode (SLD) is dominant. Involvement of
two light sources complicates the system, hampers portability,
and increases cost. Therefore, developing a compact and ver-
satile light source supporting both PAM and OCT would
benefit both research applications and potential commercial
product development.
An initial trial on implementing PAM and OCT with a sin-
gle light source was reported by Zhang et al., who built a dye
laser pumped by a frequency-doubled Q-switched Nd:YAG la-
ser [6]. However, the output light only had a 20-nm bandwidth
centered at 580 nm, which limited wavelength selection range
for multispectral PAM, as well as the axial resolution in OCT.
A shared light source for PAM and OCT can potentially be
achieved by a supercontinuum (SC) source, which relies on
spectral broadening through nonlinear processes, and has
proved its usefulness in both PAM and OCT applications.
Nanosecond-pulsed SC sources are used in multispectral
PAM, and wavelength selection is achieved by bandpass filter-
ing. Compared to dye lasers and OPOs, SC sources are more
stable and less bulky; they also exhibit a fast-tuning potential
and offer a broader wavelength range [7]. SC sources also
provide a much more uniform output spectrum and, thus,
wider wavelength selection than stimulated Raman scattering
lasers, whose major energy is distributed on a series of fixed
individual peaks [8]. Besides PAM applications, SC sources also
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demonstrate gratifying performance in OCT systems [9].
Though stronger relative intensity noise of SC sources leads
to lower OCT detection sensitivity, compared with a system
built with SLD [10], the much broader SC spectrum provides
extra wavelength selection flexibility and access to higher axial
resolution [11].
To work as a shared light source for both PAM and OCT, a
SC source needs to be pulsed at kilohertz range for PAM, though
OCT, on its own, prefers a megahertz pulse repetition rate. Lee
et al. developed such a SC source and, subsequently, tested it on a
PAM/OCT system [12]. However, the SC spectrum was not
broad enough, and the spectral power in the visible range was
not sufficient. As a result, both PAM and OCT subsystems
exploit NIR light. Since PAM relies on strong and distinct op-
tical absorption spectra of oxy- and deoxy-hemoglobin in the
visible range to extract oxygen saturation, using NIR light limits
the capability of PAM in hemodynamics investigation [3].
In this Letter, we demonstrate the feasibility of dual-
modality PAM/OCT system built with a single homebuilt
all-fiber-based SC source. PAM uses a shorter wavelength band
(SWB, 500–800 nm), while the OCT uses a longer wavelength
band (LWB, 800–900 nm).We characterized the integrated sys-
tem and achieved in vivo imaging onmouse ears. In addition, we
performed multispectral PAM measurement on ex vivo retinal
pigment epithelium (RPE) and blood samples, which paves
the way for functional image analysis, such as quantification
of RPE melanin concentration and vascular oxygen saturation.
Figure 1 shows the schematic and output spectrum of the
SC source. As Fig. 1(a) illustrates, the SC is pumped at
1064 nm using a master-oscillator-power-amplifier configura-
tion with a homebuilt ytterbium-doped fiber amplifier. The la-
ser is triggered at 25 kHz and the pulse width is 2 ns. Spectrum
broadening is induced by a photonic crystal fiber from NKT
Photonics A/S, whose tapered design (starting from a 10.7 μm
mode field diameter down to 5 μm) allows enhanced power
handling and, therefore, stronger SC generation. Based on this
design, the entire SC spectrum covers a broad 500–2300 nm
wavelength range, and a good uniformity for the spectral emis-
sion is obtained between 600 and 1600 nm, as shown in detail
by Bondu et al. [13]. In this Letter, however, as a proof of con-
cept, we only selected SWB for PAM, targeting blood and
melanin absorption, and LWB for OCT, which is among
the most frequently used bands in both research and clinical
applications. Figure 1(b) shows the output power spectrum
between 500 and 900 nm of the light source. Figure 1(c) de-
picts the stability of the source power characterized by a relative
standard deviation measured over 100 power spectra sequen-
tially acquired by a commercial spectrometer (USB2000+,
Ocean Optics) with a 190-μs integration time.
With the source described above, we built a combined PAM
and OCT system, as shown in Fig. 2(a). The SC was split into
SWB and LWB for PAM and OCT, respectively. The LWB was
delivered to a fiber-based spectral-domain OCT, where it was
split into a sample arm and a reference arm by a 50 by 50 fiber
coupler (FUSED-22-850, OZ optics). The backscattered light
from the sample arm interfered with the mirror-reflected light
from the reference arm, and the interference pattern was col-
lected by a homemade spectrometer consisting of a diffraction
grating (1200 lines/mm, Wasatch Photonics), a focusing lens
(150 mm, Thorlabs), and a line camera (spL2048-140 km,
Basler). The SWB was delivered to a homebuilt PAM, where
the beam was expanded by a 1:2 Keplerian telescope to improve
the system’s lateral resolution and to superimpose the foci of
both subsystems in the case of chromatic focus shift between
the two bands. The LWB and SWB were recombined by a
dichroic mirror (FM02, Thorlabs), deflected by a pair of gal-
vanometers (QS-7, Nutfield Technology), and focused by an
objective lens (Plan Apo Infinity, 10 × , Mitutoyo) onto the
sample. The illumination power on the sample was 3 mW
for the SWB and 0.25 mW for the LWB. The entire SWB
power was used for the following PAM imaging experiment
Fig. 1. (a) Schematic of the SC source. YDFA, ytterbium doped
fiber amplifier; PCF, photonic crystal fiber; OL, outlet. (b) Output
spectrum used by the dual-modality system. (c) Relative standard
deviation (RSD) across the spectrum.
Fig. 2. (a) Schematic of PAM/OCT system setup. SC, supercontin-
uum; DM1-DM3, dichroic mirrors; GM, galvanometer; UT,
ultrasound transducer; AMP, amplifier; ADC, digitizer; SM, spec-
trometer; DC, dispersion compensating slab; M1-M2, mirrors; BD,
beam dump. The red dashed square is where spectral filtering com-
ponents are inserted for multispectral PAM measurement, which is
further demonstrated in Fig. 4. (b) Representative PA A-line generated
by a 1951 USAF resolution test chart. (c) Measurement of axial res-
olution, sensitivity, and roll-off effect in OCT. (d)–(e) En face and
B-scan images of a resolution chart by PAM and OCT, respectively.
The positions of B-scan images are indicated by vertical lines in the
en face images. Scale bar, 150 μm.
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on the resolution target and the mouse ear. The illumination
numerical aperture (NA) was 0.1 for PAM and 0.06 for OCT.
A customized unfocused needle ultrasonic transducer (30 MHz
center wavelength; 60% bandwidth; 0.4 mm active element)
was used todetect the photoacoustic (PA) signal coupled through
water, which was then amplified, digitized at 200 MHz and
recorded by an acquisition card (CS1622, Gage).
SC pulsing, raster scanning, and PAM/OCT image acquis-
ition were controlled by the same analog output board (PCI-
6731, National Instruments). The light source was pulsed at
25 kHz and synchronized with the scanner, though the latter
was triggered at only 5 kHz. Therefore, each scanning position
received five SC pulses at a time during imaging. The digitizer
acquired a PA A-line signal for each pulse delivered to the sam-
ple, and five A-lines were averaged. The spectrometer for OCT
acquisition was synchronized with scanning at 5 kHz, and the
exposure time was 190 μs, during which the energy from five
SC pulses were integrated. Briefly, a single A-line from either
channel contained information from five SC pulses, which was
designed to improve signal to noise ratio.
We further characterized the system performance. The axial
resolutions of the dual-modality system are demonstrated by
A-line images of a calibration target and a mirror surface for
PAM and OCT, respectively. Figure 2(b) shows a PA A-line
from a black bar on a 1951 USAF resolution test chart. The
colored layer on the resolution chart is less than 5-μm thick,
has strong optical absorption and, thus, serves as an axial impulse
for PAM. The two peaks in the PA signal arose from two
oppositely propagating acoustic waves generated by the
laser excitation. The one traveling away from ultrasound trans-
ducer was reflected back by the underlying glass slide. The axial
resolution of PAM is quantified as the product between the tem-
poral full width at half-maximum (FWHM) of the PA signal
envelope and the speed of sound, giving 51 μm, which is limited
by the bandwidth of the needle ultrasonic transducer.
Figure 2(c) characterizes the axial resolution of the OCT sub-
system and its sensitivity roll-off. A silver mirror was used as the
testing sample. We inserted a neutral density (ND) filter
(OD  1.2) in the path of the sample arm so that the interfero-
gram did not saturate the spectrometer. We adjusted the refer-
ence arm and fixed the delay between the two arms at 250 μm,
our typical imaging depth. The OCT A-line of the mirror re-
flection displays an axial resolution of 4.6 μm measured in
air. The resolution agrees with our expectation for a light source
with 75-nm FWHM bandwidth. In addition, the peak of the
reconstructed A-line rises 53 dB above the noise, indicating a
system sensitivity of 77 dB, after allowance for the double path
through the ND filter. We further translated the reference arm
and recorded mirror signals at different imaging depths. The
roll-off was around 10 dB/mm.We quantified lateral resolutions
of the dual system by imaging a 1951 USAF resolution test
chart, as shown in Figs. 2(d) and 2(e). The lateral resolutions
were 4.5 μm for PAM and 9 μm for OCT. The better resolution
of PAM was due to shorter wavelength and larger beam size.
The in vivo imaging capability of the dual system was tested
through imaging mouse ears. We initially anesthetized a nude
mouse (25 g, Charles River) by 2.5% isoflurane mixed with 3.0
standard liter per minute (SLPM) air and then transferred it to a
homemade animal holder. We flattened one of its ears and
attached it to the imaging plate. A drop of water was applied
to its surface for ultrasound coupling. During the following
experiment, the rodent was kept in anesthesia by a mixture
of 1.5% isoflurane and 1.5 SLPM air. We used a heating pad
to maintain the mouse’s body temperature. All experimental
procedures were approved byNorthwestern University IACUC.
Figure 3 shows the in vivo imaging results. Due to the
limited sensing area of a stationary ultrasonic transducer under
optical scanning, we manually translated the imaging stage and
sequentially acquired 10 images at different positions and
stitched them for a large field of view. Figure 3(a) is the en face
PAM image, which was the projection of maximum signal am-
plitude from each scanning position after Hilbert transform.
Arteries and veins bear the major signals, and some of their
small branches can be observed. A typical cross-sectional B-scan
and an A-line profile are shown in Figs. 3(b) and 3(c), respec-
tively. The OCT en face image, calculated as the mean projec-
tion of reconstructed 3D dataset, reveals scattering features, as
shown in Fig. 3(d). Glands appear as round dark spots. The
OCT B-scan image in Fig. 3(e) shows a more detailed anatomy
of the mouse ear. The whole ear is penetrated, while the epi-
dermis, dermis, and cartilage are resolved.
Finally, we tested the multispectral measurement capability
of PAM, as shown in Fig. 4. We built an adjustable bandpass
filter using an equilateral dispersive prism (DP), as shown in
Fig. 4(a). The beam from the dispersed SC source was spatially
filtered by a pinhole (PH1), allowing only a narrow band within
the spectrum passing through.Wemanually rotated the prism to
select different bands and adjusted the aperture size of PH1 to
vary the bandwidth. The rotating axis of the prism was carefully
chosen to minimize change of beam direction after filtering. We
added a second pinhole (PH2) and slightly adjusted the mirror
(M3), when necessary, to avoid misalignment. After optimiza-
tion, we fixedPH1 andM3, and recorded spectra of illumination
Fig. 3. Results of in vivomouse ear imaging. (a) En face PAM image,
stitched from 10 acquisitions. (b) PA B-scan taken from location in-
dicated by the green line in (a). (c) Typical PA A-line and its signal
envelope obtained by a Hilbert transform. (d) En face OCT image. G,
gland; BV, blood vessel. (e) OCT B-scan taken from location indicated
by yellow line in (d). ED, epidermis; CT, cartilage; D, dermis. Scale
bar, 150 μm, applies to (a), (b), (d), (e) in the 3 dimensions.
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light on a sample as we traversed through the SWB of the spec-
trum. As shown in Fig. 4(b), the bandwidth increased from10 to
25 nm due to nonlinear dispersion. We further adjusted the
aperture size between measurements using different bands to
maintain a fixed 15-nm bandwidth in the following multispec-
tral experiment. We carefully controlled the illumination power
to be 45 μW before measuring the PA signals of the samples
using each single narrow band.
We placed ex vivo porcine RPE samples (dissected from pig
eye, Carolina Biological) and bovine blood (Quad Five, Inc.)
on glass slides, covered them with transparent plastic wrap
(Glad), added a drop of water for ultrasound coupling, and per-
formed multispectral measurements. We acquired PA A-lines
of the sample repeatedly without scanning the illumination
beam laterally and recorded the averaged PA signal from 32
acquisitions for each wavelength narrow band to reconstruct
the absorption spectrum. Eumelanin, the dominant optical
absorber in RPE, and hemoglobin in blood, are the two major
contrast sources in PAM [14]. We measured their absorption
spectra through optical transmission to compare them with
multispectral PAM measurements. Since the absorption spec-
trum of eumelanin decreases linearly within the visible spectral
range, we performed multispectral measurements from 550 to
775 nm in 25-nm steps. Good agreement was demonstrated, as
shown in Fig. 4(c). For blood, we targeted its absorption
signature between 530 and 600 nm at 5-nm interval, where
two peaks and a trough are presented, as shown in Fig. 4(d).
To make a fair comparison, we convolved the measured absorp-
tion spectrum with that of the source considered of 15 nm
bandwidth. Consistency was observed between convolved
spectrum and multispectral PAM measurement.
In summary, we developed an all-fiber-based nanosecond SC
source for integrated multispectral PAM andOCT applications.
We built a dual-modality system and split the SC spectrum for
PAM and OCT imaging. We tested imaging capability of the
dual system by conducting in vivo experiments on a mouse ear.
Preliminary multispectral tests on ex vivo RPE and blood
samples also successfully reconstructed appropriate absorption
spectra. Although in vivo multispectral imaging of vasculature
and melanin was not performed due to the power limitation
within the 15 nm narrow bands below 600 nm, by future opti-
mization of the SC source, this may become possible.
We demonstrated that pulsed SC sources might be a prom-
ising solution to future development of a combined PAM and
OCT system. SC sources render access to a broadband smooth
spectrum with extended flexibility, giving rise to multispectral
PAM covering 500–2000 nm and ultrahigh resolution OCT.
In addition, generating PAM and OCT images with a single
probing beam is also achievable which reduces laser exposure
time for dual-modality imaging and facilitates clinical transla-
tion. The all-fiber-based design further makes this SC source at-
tractive to applications that require compactness and portability.
Our future work will focus on optimizing the current SC source
design to access higher power, especially at shorter wavelengths.
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Fig. 4. Multispectral PA measurement with the SC source.
(a) Schematic of adjustable bandpass filter inserted in the red dashed
square in Fig. 2(a). DP, dispersive prism; PH1-PH2, pinholes; M3,
mirror. (b) Spectra of illumination light on sample after passing
through the bandpass filter. (c) Comparison between the multispectral
PA measurement and absorption spectrum of eumelanin. (d)
Comparison between the multispectral PAmeasurement and the blood
absorption spectrum convolved with 15-nm excitation bandwidth.
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Abstract: We present a bimodal system driven by a supercontinuum source to perform 
photoacoustic-based spectral selective absorption measurements from 500 nm to 800 nm and 
structural optical coherence tomography imaging at 1300 nm. An energy of 5 to 40 nJ is achieved 
on sample within a 50 nm bandwidth in the visible range in the photoacoustic channel. Also, a few 
mW power is also achieved on the sample in the optical coherence tomography channel. 
OCIS codes: (110.4500) Optical coherence tomography; (110.4234) Multispectral and hyperspectral imaging; (110.5125) 




Supercontinuum sources have recently shown a great potential in multispectral photoacoustic microscopy (MPAM) 
since it is the only source that allows a pulse repetition rate of tens of kHz with a broad spectrum typically from 500 
nm to 2300 nm. This source can be applied to e.g. blood imaging and oxygen saturation measurements in the visible 
spectrum [1] as well as lipids imaging in the IR. It offers users the flexibility to be adapted to a large range of 
applications. However only a few supercontinuum sources deliver enough energy to allow in-vivo multispectral 
photoacoustic microscopy in the visible (500-600 nm), useful for oxygen saturation measurements. 
Supercontinuum sources have already shown great promise in spectrometer-based optical coherence tomography 
(OCT) due to their broad spectrum of several hundreds of nm and tens of mW of average power with a central 
wavelength that can be chosen from the visible to the IR [2-4]. Thus an axial resolution better than 10 um is achieved 
and only limited by the spectrometer bandwidth. 
Photoacoustic imaging and OCT are the fastest growing fields in biomedical imaging. PAM and OCT can be 
combined in a single set-up, however the majority of prior reports refer to each modality using its own light source 
[5,6]. Combining these two modalities is of a great interest since they give complementary information from a sample, 
i.e. absorption via PAM and scattering via OCT. In a previous report, we presented in-vivo images of a mouse ear with 
a single supercontinuum source from NKT Photonics A/S using 500-800 nm for PAM and 800-900 nm for OCT [1]. 
We present here a continuation of this work with a bimodal imaging system that combined MPAM and OCT using 
a similar supercontinuum source. The visible band (500-840 nm) is used for MPAM on three different absorbers and 
the IR band (1200-1400 nm) for OCT.  
 
2.  Experimental setup 
A commercial supercontinuum source (Compact, NKT Photonics A/S) is used in combination with a dual band filter 
(VARIA, NKT Photonics A/S). A dichroic mirror allows the total bandwidth of the light source that extends from 500 
nm to 2300 nm to be split into a visible band 500-840 nm and an IR band 840-2300 nm. The visible band is further 
filtered to allow tunability of the central wavelength and the bandwidth that can be narrowed down to 10 nm wide, 
Fig. 1 (a) represent the transmission of the VARIA [7]. In our configuration a longpass filter with a cut-off wavelength 
of 1150 nm (Thorlabs, FEL1150) is used to provide a spectrum centred at 1300 nm for OCT, Fig. 1 (b) is the spectrum 
on the line scan camera. The two bands which can be used separately are fibre-delivered to facilitate the 
implementation of the combined imaging system.  
Fig. 1 (c) shows the schematic of the bimodal OCT-MPAM system. Both laser beams are combined together by a 
dichroic mirror, then reflected by two galvo-scanners that allow raster scanning of the sample in the lateral directions. 












































dimensional stage to facilitate its alignment. A customized unfocused needle ultrasonic transducer (University of 
Southern California, 30 MHz centre frequency, 60% bandwidth, 0.4 mm active element) is used to detect the 
photoacoustic signal coupled through water. Silver reflective collimators (Thorlabs, RC04APC-01 in the sample arms 
and RC08APC-01 in the reference arm) are used to ensure achromaticity. A 50/50 fibre coupler is used in the OCT 
channel (Thorlabs, TW1300R5A2). A homemade IR spectrometer that consists of a diffraction transmission grating 
(Wasatch Photonics, HP 1145 l/mm @ 1310 nm) and a line scan camera (Goodrich, SU1024-LDH1.7RT-0500/LC) 
is used. A polarisation controller is inserted in the reference arm only. 
     
Fig. 1. (a) Visible spectrum offered by the VARIA, (b) IR spectrum on the spectrometer, and (c) Schematic of the OCT-MPAM system.  
C: 50/50 coupler, DM: dichroic mirror, M: mirror (OCT reference arm), Obj: objective lens, PC: polarisation controller, RC: reflective 
collimators. 
 
3.  Optical coherence tomography at 1300 nm  
   
   
Fig. 2. OCT B-scans of (a) blu tack, (b) IR card with a black grid printed on a plastic film on the top, (c) cucumber, 
and (d) human finger skin with sweat glands indicated by the arrows. 
The bandwidth is ~ 110 nm, giving a theoretical axial resolution in air of 6.8 um. A lateral resolution of ~ 8.7 um is 
achieved. The total power on sample is 1.6 mW, the integration time of the camera is set to 1.77 ȝs (35-36 pulses per 
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shown in Fig. 2 is of 1.4 mm measured in air. The penetration depth is limited by the power on sample due to the low 
galvo-scanners transmission (40%), in the future this will be improved and a careful optimization of the spectrometer 
will allow better quality OCT. The OCT acquisition is running via a Labview program based on the complex master 
slave method developed by the University of Kent [8]. 
 
4.  Multispectral photoacoustic microscopy in the visible 
       
Fig. 3. (a) Rhodamine B, Malachite Green, and Indocyanine Green (ICG) silicon samples, (b) region scanned for the OCT, 
and (c) the corresponding OCT B-scan. 
    
    
Fig. 4 (a) Energy measured on sample for the 3 different bandwidths, (b) Rhodamine B MPAM, (c) Malachite Green MPAM, 
and (d) ICG MPAM. 
In order to demonstrate the principle of multispectral photoacoustic microscopy we performed photoacoustic 
measurements in steps of 25 nm with a bandwidth (BW) of 50 nm from 500 nm to 800 nm. Three different absorbers 
have been used, all mixed with silicone to create the phantoms: Rhodamine B (Flinn Scientific, absorption peak at 
542.8 nm), Malachite Green (Sigma-Aldrich, absorption peak at 616 nm), and Indocyanine Green (ICG) (Akorn, 












absorption peak at ~ 695 and/or 780 nm depending on the concentration). Fig. 3 (a) shows the samples prepared for 
the multispectral measurements, (b) is the sample (Malachite Green) used for the OCT image in (c). Fig. 4 (a) is the 
energy measured on the sample for each wavelength. We performed multispectral photoacoustic microscopy for each 
of the absorbers, the results are presented in respectively Fig. 4 (b), (c) and (d) at maximum power. The photoacoustic 
signal amplitude is normalized by the energy on sample and the maximum absorption. We assumed that the response 
of the ultrasonic transducer is linear with power (preliminary work shows that this is valid for energies of more than 
1 nJ). The black curves correspond to the literature absorption spectra that have been integrated over a bandwidth of 
50 nm for Rhodamine B and 25 nm for Malachite Green and ICG [9]. 
The absorption peaks measured in the photoacoustic channel are generally broader than in the literature; we believe 
that this is due to the fact that the absorbers are mixed with silicone, which may have influenced the absorption 
differently than when diluted with water. Further measurements of the absorption by transmission will be able to 
confirm or not this hypothesis. These measurements are a proof of principle for multispectral photoacoustic operation 
using a supercontinuum source over the 500 nm to 800 nm range. 
 
5.  Conclusion 
A dual-modal imaging system is demonstrated that combines structural information via optical coherence tomography 
at 1300 nm with spectral absorption of the sample via photoacoustics measurements. One can distinguish between 
different absorbers by using the spectral selection capabilities of the multispectral photoacoustic channel, enabled by 
the broadband excitation of the supercontinuum extending from 500 nm to 800 nm. 
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Photoacoustic imaging and optical coherence tomography (OCT) are the fastest growing fields in biomedical 
imaging. Supercontinuum (SC) sources offer great advantages to both of these modalities however, currently no 
suitable source has been developed to answer the requirements for both multispectral photoacoustic microscopy 
(MPAM) and OCT, i.e. a SC source with more than 50 nJ per bandwidth of less than 20 nm over a broad range 
covering the visible and the IR. In addition a pulse duration of 1-10 ns and a pulse repetition rate of tens of kHz 
are required with low pulse-to-pulse noise for enhanced image quality. 
In order to increase the pulse energy without sacrificing the visible wavelengths that are especially important 
for blood imaging, a tapered photonic crystal fibre has been used, the choice of this fibre has been prior reported 
in [1]. For SC sources, the noise is dependent on the wavelength because of the nonlinear SC generation properties 
but as well highly dependent on the noise properties of the laser pump. A low pulse-to-pulse noise is crucial for 
both MPAM and OCT. Thus the development of a fibre-based laser pump is important both to control the noise 
and build a relatively compact and versatile SC source for multimodal imaging. 
 
The laser pump consists of a directly modulated diode at 1064 nm with ~ 2.5 ns pulse duration and 25 kHz 
pulse repetition rate that is amplified by a two-stage preamplifier allowing a stable power of ~ 20 mW. Then a 
double-clad ytterbium-doped fibre amplifies the pump up to 2 W, i.e. up to 30 kW peak power, to generate 
efficiently the SC. This configuration allows the tunability of the pulse duration and the pulse repetition rate up to 
a few MHz. 
The study of the pulse-to-pulse noise has been conducted in the visible by using filters every 50 nm with central 
wavelengths from 550 nm to 800 nm, three bandwidths have been used: 10, 15 and 20 nm (NKT Photonics A/S, 
Varia). In the IR a dichroic mirror with a cut-off wavelength of 850 nm in combination with filters every 100 nm 
with a bandwidth of 10-12 nm from 900 nm to 1600 nm have been used. A comparative study was also conducted 
at higher pulse repetition rates. 
Fig. 1a shows the spectrum generated by the SC source at full power at 25 kHz and with 10-12 nm bandwidth 
filtering. The standard deviations of the pulse-to-pulse noise measurements are presented in Fig. 1b. 
 
Fig. 1 ȋȌ ? ?Ǧ ? ?ǤȋȌǦǦ	Ǥ ?Ǥ
The shorter wavelengths present higher noise due to the process of SC generation. Increasing the pump current 
of the pump diodes for the double-clad amplifier from 1 A to 1.4 A improves the laser pump power which enhances 
the generation of shorter wavelengths and reduces the noise at the edges of the spectrum. However increasing the 
power further (1.8 A) results in a broadband global increase of the noise due to increased noise in the amplifier. 
Thus a trade-off between higher amplification and lower noise is necessary. For OCT the mean power fluctuation 
over a fixed duration is important, increasing the pulse repetition rate will reduce this spectral noise. Further 
studies, not presented in this submission, go in that direction.
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A B S T R A C T
We report on the use of a single supercontinuum (SC) source for multimodal imaging. The 2-octave
bandwidth (475–2300 nm) makes the SC source suitable for optical coherence tomography (OCT) as well
as for multispectral photoacoustic microscopy (MPAM). The IR band centered at 1310 nm is chosen for
OCT to penetrate deeper into tissue with 8 mW average power on the sample. The 500–840 nm band is
used for MPAM. The source has the ability to select the central wavelength as well as the spectral
bandwidth. An energy of more than 35 nJ within a less than 50 nm bandwidth is achieved on the sample
for wavelengths longer than 500 nm. In the present paper, we demonstrate the capabilities of such a
multimodality imaging instrument based on a single optical source. In vitro mouse ear B-scan images are
presented.
© 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Optical coherence tomography (OCT) and photoacoustic
microscopy (PAM) provide complementary contrasts, which can
be combined to beneﬁt biomedical research and preclinical
studies. OCT allows structure reconstruction via backscattered
signal due to the scattering properties of the sample being
investigated. PAM is based on tissue absorption properties by
optical excitation and ultrasonic detection. Both techniques offer
real-time and non-invasive imaging. Combined OCT-PAM systems
have already been reported for a wide range of applications such as
dermal or retinal imaging [1–5].
In most of the previous work carried out on bimodal OCT-PAM,
two different light sources are used to accommodate the require-
ments of each modality. OCT employs broadband light sources, the
most common of these being super-luminescent diodes (SLD).
Recent developments of low noise supercontinuum sources (NKT
Photonics A/S) made such sources attractive to ultra-high
resolution OCT [6] as well as visible OCT [7,8] since they offer a
spectral range from 475 nm to 2300 nm. No other light source can
cover such a wide bandwidth. PAM typically requires a light source
with a pulse duration of a few nanoseconds because of thermal and
stress conﬁnement of the excitation beam in the sample. PAM
commonly uses single-wavelength lasers as the excitation source,
such as Nd:YAG lasers at 1064 nm [9] or its frequency-doubled
counterpart at 532 nm [10], or dye lasers [11]. In order to perform
multispectral PAM (MPAM), one can use multiple lasers [12],
optical parametric oscillators [13] (at the cost of price and speed),
stimulated Raman scattering ﬁber lasers [14,15] (discrete wave-
lengths with limited choice) or supercontinuum sources [5,16,17]
(wide wavelength range with limited energy). Previously reported
supercontinuum sources for MPAM delivered too little energy per
pulse to image biological samples [16,17], more than 50 nJ within a
bandwidth of less than 50 nm is typically required. Preliminary
work targeting the enhancement in the pulse energy of super-
continuum sources (>100 nJ) has been reported [18,19].
Here a commercial supercontinuum source from NKT Photonics
A/S (SuperK Compact) that offers more than 35 nJ per bandwidth of
less than 50 nm over a broad wavelength range extending from
500 nm to 800 nm is used. The source is cost effective, compact and
reliable. In addition, such a source can be used for OCT and can offer
high resolution due to the large optical bandwidth available. To our
knowledge, this is the ﬁrst report on a combined OCT-MPAM
system that offers fast volumetric imaging as well as spectroscopic
measurements within a wide range of wavelengths covering the
visible and extending from 500 nm to 840 nm with comparable
energy to those of single wavelength lasers. This paper is an
extension and continuation of the preliminary OCT images and
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spectroscopic photoacoustic measurements presented in our
previous work [20]. Visible light is used in this paper because
we intend to target hemoglobin, which absorbs mainly between
500 nm and 600 nm. This is the most imaged absorber for PAM,
reported for MPAM alone [17] or combined with the structural
information of OCT [1–5].
After some primary work to illustrate the system capabilities,
we present in Section 3.3 in vitro images of a mouse ear. The
determination of hemoglobin oxygen saturation is of great interest,
and due to the multispectral capabilities of the system, we are able
to estimate the oxygen saturation of the blood present in the
mouse ear.
2. Material and methods
Fig. 1 represents the schematic of the experimental set-up. The
supercontinuum source (Compact, NKT Photonics A/S) is used in
combination with a dual band ﬁlter (VARIA, NKT Photonics A/S)
which splits the spectrum into a short wavelength band and an IR
band. The short wavelength band, covering a broad range from
450 nm to 840 nm, is used for MPAM. The ﬁlter selects a central
wavelength and a bandwidth within this range, which can be
tuned over time (the switching time between two spectral ranges
is less than 5 s). Fig. 2(a) shows the transmission of the ﬁlter
depending on the bandwidth and Fig. 2(b) the energy on sample
for different central wavelengths and bandwidths. The IR band
covers an ultra-broad range extending 850–2300 nm. The short
wavelength band and the IR band are ﬁber-delivered to facilitate
the implementation of the combined system (Connect FD7 non-PM
and FD5 non-PM respectively, NKT Photonics A/S). A 50/50 ﬁber
coupler is used for the interferometer (TW1300R5A2, Thorlabs)
with a polarization controller in the reference arm only. The FD5
ﬁber and the coupler are working as bandpass ﬁlters. However due
to the presence of supercontinuum pump power at 1060 nm,
further ﬁltering is required, which is achieved by using a longpass
optical ﬁlter with a cut-off wavelength of 1150 nm (FEL1150,
Thorlabs) positioned between the VARIA box and the Connect FD5
(using a custom accessory). Thus, a spectrum centered at 1310 nm
for the OCT channel with a power of 8 mW on the sample is
achieved. Silver-coated reﬂective ﬁber collimators are used to
ensure achromaticity. In the sample arm, the two beams, used for
OCT and PAM, are both conveyed via a dichroic mirror (DMLP950,
Thorlabs), then reﬂected by two galvo-scanners that allow raster
scanning of the sample in the lateral directions (6220H, Cambridge
Technology). The scanners limit the beam diameters to a
maximum of 5 mm, therefore 4 mm beams are used in the
sample arm, determined by the numerical aperture of the optical
ﬁbers and the focal length of the collimators (RC04APC-01,
Thorlabs). A different collimator (RC08APC-01, Thorlabs) has been
used in the reference arm of the OCT channel because of
availability. However the same collimator could have been used
in both arms. An uncoated lens (LA1027, Thorlabs) focuses the two
beams on the sample. A 3D translation stage supports the sample
horizontally and facilitates its alignment. In terms of detection, the
OCT bandwidth is limited to 90 nm by our in-house built
spectrometer, which consists of a diffraction transmission grating
(HP 1145 l/mm @ 1310 nm, Wasatch Photonics) and a line scan
camera (SU1014-LDHI.7RT-0500/L, Goodrich). Fig. 3 shows the
spectrometer readout when signal from the reference arm is
applied only. An IMAQ board (PCI-1428, National Instruments) is
used for the OCT detection channel. The photoacoustic signal is
detected through water by a customized unfocused needle
ultrasonic transducer (40.3 MHz center frequency, 90% bandwidth
at 6 dB, 0.4 mm diameter active element, University of Southern
California). The electric signal hence generated is then ampliﬁed
(ZFL-500LN+, Mini Circuits) and either digitized at a sampling rate
of 200 MHz (PCI-5124, National Instruments) or read by the
oscilloscope for the measurements presented in Section 3.2.
Assuming a Gaussian-shaped source spectrum, the 90 nm
bandwidth of the spectrometer determines a theoretical axial
resolution in air of 8.4 mm, in the OCT channel. However,
experimentally, an axial resolution of 12.3 mm was measured
with no apodization of the channeled spectra, and 17 mm when
applying a Hamming window (usually employed for ﬁltering fast
transitions). The axial resolution of PAM is determined by the
bandwidth of the transducer: 36 MHz, which gives a theoretical
Fig. 1. Schematic of the combined OCT-MPAM system. C: 50/50 coupler, DM:
dichroic mirror, LP: longpass ﬁlter, M: mirror (OCT reference arm), Obj: objective
lens, PC: polarization controller, RC: reﬂective collimators.
Fig. 2. Visible channel of the system with: (a) the transmission through the VARIA
depending on the bandwidth and (b) the energy per pulse measured on the sample
for different central wavelengths and bandwidths.
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axial resolution of 36 mm. We obtained an experimental axial
resolution of approximately 34 mm by measuring the width of the
A-scan peak corresponding to the chrome layer of an USAF target
(<1 mm). By imaging the USAF target, we measured the
experimental lateral resolution of both modalities. The lateral
resolution is slightly dependent on the wavelength; a theoretical
lateral resolution of 4–7.5 mm is calculated for wavelengths
covering the 450–840 nm wavelength range, and 8.5 mm for the
OCT at 1310 nm. We could resolve element 4 from group 6 with
OCT, corresponding to a lateral resolution of 10.1 mm. The
experimental lateral resolution of PAM is 8.76 mm measured at
600 nm (5.35 mm theoretical). The maximum imaging range of
OCT is of 4 mm in air, with a signal attenuation of 3 dB at an axial
distance of 1.3 mm measured in air. The supercontinuum source
operates at a pulse repetition frequency of 20 kHz and the line
camera of the spectrometer is synchronized with the source in
order to secure a pulse per integration time (50 ms) and thus per A-
scan. Therefore a B-scan frame rate of 20 Hz (500 A-scans) is
achieved regardless of the imaging modality employed. The signal
generated by the transducer is also synchronized with the
excitation pulse; therefore simultaneous OCT-PAM is achieved.
However, since PAM detection requires a medium to couple the
ultrasound waves, such as water, the absorption at 1310 nm of
water limits the OCT capabilities. To demonstrate the maximum
capabilities of each imaging modality, for the results presented
here, we acquired images with each modality sequentially. No
averaging and no post-processing have been applied to images or
measurements. To produce the OCT images the complex master
Fig. 4. (a) Photo of the three different samples, with microscopic image by reﬂection, scale bars 1 mm. Absorption spectrum adapted from the literature and inferred via
photoacoustic measurements for different bandwidths (15 nm, 25 nm and 50 nm) of (b) Rhodamine B, (c) Malachite Green, (d) Indocyanine Green (ICG) (with literature
corresponding to a concentration of 65 mM) and (e) ICG for different concentrations with 15 nm bandwidth.
Fig. 3. Spectrum recorded by the in-house built spectrometer corresponding to the
reference arm of the system only.
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slave (MS) method [21,22] was used. This technique presents the
advantage of being tolerant to dispersion left unbalanced in the
interferometer and does not require data to be resampled.
Moreover, it delivers an absolute value for the axial path in air,
allows coherence-limited resolution without any further signal
conditioning and can give direct access to any number of en face
images without requiring to produce the entire OCT volumetric
image ﬁrst. The PAM A-scan is taken as the amplitude envelope of
the photoacoustic signal. The OCT images presented here exhibit a
signal-to-noise ratio of  35 dB (system sensitivity: 65 dB), while a
signal-to-noise ratio of 20–30 dB is measured on PAM images,
depending on the intensity of the signal detected.
To create a phantom with structural information and absorption
contrasts that shows the capabilities of our OCT-MPAM system,
three different dyes with an absorption spectrum in the visible are
mixed with “silicone” (3140 RTV Coating, Dow Corning). The three
dyes are Rhodamine B (Flinn Scientiﬁc) that has an absorption peak
at 542.8 nm, Malachite Green (Sigma–Aldrich) with a peak at
616 nm, and Indocyanine Green (ICG) (Akorn) with a peak at
695 nm and/or 780 nm depending on the concentration. We
present images and hemoglobin oxygen saturation measurements
from an in vitro mouse ear to illustrate the system's potential for
biological tissue. Animal tissue was obtained from C57BL/6J mice
purchased from Charles River Laboratories (Margate, UK). Mice
were humanely culled in accordance with the UK Home Ofﬁce
guidelines and following approval by the University of Kent's
animal welfare ethics committee prior to ear tissue removal.
3. Results and discussion
We present spectroscopic photoacoustic measurements for
different samples offering different absorption spectra in the
visible as well as OCT-MPAM for different in vitro samples:
synthetic phantoms and a mouse ear.
3.1. Spectroscopic photoacoustic
To demonstrate the spectroscopic capabilities of our visible
photoacoustic system, measurements were made at a single
position of a silicone-dye sample, as shown in Fig. 4(a). An
Fig. 5. (a) Sample under the microscope (50) with Rhodamine B (R), Malachite Green (M) and ICG (I), (b) absorption spectra of the three dyes replicated from Figs. 4(a)–(c) in
relation to the spectral bands to be used for MPAM excitation, of 25 nm and 50 nm width (shown by coloured bars), (c) OCT summed voxel projection along axial direction for
3 mm in air, (d) superposition of en face OCT at position marked in Fig. 6(b) (grey) and PAM maximum amplitude projections at 542 nm, 616 nm and 800 nm with 50 nm
bandwidth (red, blue and green, respectively) and (e) superposition of en-face OCT and PAM maximum amplitude projections with 25 nm bandwidth. Scale bars 500 mm. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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oscilloscope was used to register the amplitude of the acoustic
pulse for each wavelength. For a given absorption of a sample, the
response of the transducer scales linearly with the pulse energy on
the sample for energy values larger than 1 nJ and up to at least
100 nJ. Therefore we normalized our measurements over the
energy on the sample since this parameter varies with the
wavelength. In addition, for each dye, the absorption curve has
been normalized to its maximum value, therefore we are not
presenting any quantitative measurements in terms of concentra-
tion here, but simply the absorption spectra. We have also studied
the effect of the bandwidth (linked to the energy) on the accuracy
of spectroscopic measurements, employing 15 nm, 25 nm and
50 nm bandwidths. This study was done only with Malachite Green
and ICG. In Figs. 4(b)–(d) the photoacoustic measurements carried
out with different bandwidths of Rhodamine B, Malachite Green
and ICG respectively, are compared to the absorption curves
adapted from literature in ethanol, water and water, respectively
[23–25]. The “literature” curves in Fig. 4 are constructed using data
retrieved from references [23–25]. These have been integrated
over a speciﬁc bandwidth (15 nm, 25 nm or 50 nm) in steps of
25 nm in order to ensure a fair comparison between our
photoacoustic measurements and the literature for each of the
absorbers. The absorption spectrum depends on the media the dye
has been diluted into; in our case no literature reference is
available for silicone. The spectra of Malachite Green and ICG
measured are broader and ﬂatter than found in the literature. We
conjecture that this is due to the inﬂuence of silicone on the dyes
absorption and/or due to the fact that in our phantoms, the dyes
aggregate in the silicone, as observed in Fig. 4(a). Aggregates have
different properties than uniformly dissolved materials [26].
Figs. 4(b)–(d) show that the spectroscopic measurements can
resolve the absorption spectra of different absorbers within the
500–840 nm range. Our system is capable of distinguishing
between different absorbers within this range. The spectral
bandwidth of the excitation light source has no signiﬁcant
inﬂuence on the measurements. By performing the photoacoustic
measurements three times at the same position on the sample, an
uncertainty of 1–20% has been estimated.
Fig. 4(e) shows the spectroscopic photoacoustic measurements,
performed every 25 nm with a bandwidth of 15 nm, at two
different positions of the ICG sample, which correspond to two
different unknown concentrations (C1 and C2). The ICG absorption
spectrum depends on the concentration. In Fig. 4(e) three different
absorption curves of ICG corresponding to three ICG concen-
trations in water from literature [24,25] are represented (integrat-
ed over 15 nm-wide bands). The sample with an unknown
concentration C1 (respectively C2) presents an absorption
spectrum similar to the spectrum corresponding to a concentra-
tion of 6.5 mM (respectively 65 mM). This shows that we can
differentiate between two different ICG concentrations within the
same phantom.
3.2. In vitro OCT-MPAM
In vitro imaging capabilities of the bimodal OCT-MPAM system
were tested on a silicone-based sample consisting of the three dyes
mentioned above. Fig. 5(a) shows a microscope view of the sample,
where the Malachite Green is situated below the Rhodamine B and
the ICG. It should be noticed that the concentration of dyes within
the sample is not uniform and aggregates formed. This is important
to retain for the later interpretation of PAM signals from different
parts of the sample, as labelled by 1, 2, 3. Fig. 5(b) shows the
absorption spectra measured in Section 3.1 corresponding to the
three different dyes. PAM was performed on the silicone-based
sample at three different wavelengths: 542 nm, 616 nm, and
800 nm using a bandwidth of 50 nm in each case. The inﬂuence of
the bandwidth has also been studied by doing the same
measurements with a reduced bandwidth of 25 nm. The total
area scanned by both modalities is 2.5 mm  2.5 mm and consists
of 500  500 A-scans. The OCT images correspond to the sample
without water, while for PAM water has been introduced to couple
the ultrasound waves to the transducer. No post-processing has
been applied to the OCT images. For PAM, each A-scan is the
envelope of the acoustic signal detected. The detection conﬁgura-
tion used for PAM induces a curvature in the PAM B-scans. The
travelling time to the transducer from a point in the center of the
sample is shorter than the travelling time from an off-axis point. A
linear deformation is observed in the other lateral direction since
the transducer is situated close to the edge of the sample. The
travelling time of the acoustic wave from a point on a sample
situated at the opposite edge is longer than that from a point close
to the edge where the transducer is positioned. We corrected for
these deformations and adjusted the contrast of the images to offer
a better representation to the reader.
Fig. 5(c) is the summed voxel projection of the OCT for all
depths (3 mm in air). Fig. 5(d) represents the superposition of the
en face OCT image corresponding to a single depth (at 1.1 mm
measured in air) as indicated in Fig. 6(b), with the PAM maximum
amplitude projections taken at 542 nm, 616 nm and 800 nm for
bandwidths of 50 nm. The OCT is represented in grey scale while
the red corresponds to PAM with the band centered at 542 nm, blue
at 616 nm and green at 800 nm. Purple results from superposition
of red and blue colours corresponding to the overlay of PAM signals
at 542 nm and at 616 nm, cyan results from superposition of blue
and green corresponding to an overlay of PAM signals at 616 nm
and 800 nm. Fig. 5(e) corresponds to the same PAM images
employing a bandwidth of 25 nm, to narrow the spectral
excitation.
B-scans images in columns 1, 2 and 3 of Fig. 6 are collected at
different lateral positions indicated respectively by the lines 1, 2
and 3 over Fig. 5(a). Figs. 6(a)–(c) represent the OCT B-scans; the
bright vertical lines are due to camera saturation induced by strong
direct reﬂection of the light from the sample. Figs. 6(d)–(f) show
the PAM B-scans obtained for a bandwidth of 50 nm, and
Figs. 6(g)–(i) for a bandwidth of 25 nm. The B-scans corresponding
to each band have been overlaid with the same colour code used
Figs. 5 (d) and (e): red for 542 nm, blue for 616 nm and green for
800 nm.
OCT is a suitable tool to image the sample structure, however its
limitations can be seen in Figs. 5(c)–(e) and 6 (a)–(c), where the
different absorbers cannot be differentiated because of their
similar structure and index of refraction. MPAM provides
additional functionality to the system by allowing this differentia-
tion between absorbers.
In Figs. 6(d) and (g) the signals originating from Malachite
Green and ICG are strong. Rhodamine B is strongly absorbing in the
band centered at 542 nm but is not detected here. Therefore, we
conclude that despite the large absorption of Rhodamine B in this
band, its concentration at position 1 is too low to be detectable by
the system. In Figs. 6(e), (f), (h) and (i) we can observe as expected
the Rhodamine B, and additionally some artefacts in Figs. 6(f) and
(i) corresponding to an air bubble in the sample that can be seen in
Fig. 5(a) and in the OCT B-scan in Fig. 6(c). Because the excitation
band centered at 616 nm overlaps with the wing of the absorption
spectrum of the ICG absorption spectrum extending from its
central peak at 800 nm, areas of high ICG concentration contribute
to absorption at 616 nm, and generate a PAM signal. Superposition
of green (PAM signal due to absorption at 800 nm) and of blue
(PAM signal due to absorption at 616 nm) leads to the cyan
coloured areas displayed in Fig. 5(d). The bandwidth centered at
800 nm does not present any overlapping with the other two dyes
absorption spectra, as observed in Fig. 5(b). Therefore, as expected,
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Fig. 6. (a)–(c) OCT B-scans corresponding to respectively the positions 1, 2 and 3 marked in Fig. 5(a), (d)–(f) superposition of PAM B-scans at 542 nm, 616 nm and 800 nm with
50 nm bandwidth (red, blue and green, respectively) at positions 1, 2 and 3 respectively, (g)–(i) with 25 nm bandwidth at position 1, 2 and 3 respectively. Scale bars 500 mm.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 7. In vitro mouse ear (a) OCT summed voxel projection along axial direction for 2 mm in air, (b) PAM maximum amplitude projection at 550 nm with 50 nm bandwidth, (c)
OCT B-scan, (d) superposition of OCT B-scan (grey) and PAM B-scan at 550 nm with 50 nm bandwidth (red), (e) superposition of PAM B-scans for bandwidths covering 500–
600 nm and 600–840 nm (green and blue, respectively), (f)–(h) PAM B-scans for a bandwidth of 50 nm with a central wavelength of respectively 530 nm, 550 nm and 580 nm.
All B-scans are taken at the position indicated on (a) and (b). Scale bars 250 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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in Fig. 5(d) and (e) and 6, only ICG contributes to the PAM signal
when excited with the band centered at 800 nm. It can be observed
in Fig. 5(a) that the dyes form aggregates within the silicone, that
leads to variation of concentration and consequently of the OCT
and PAM signal across the sample. This is observed in the PAM and
OCT images in Figs. 5 and 6 .
This combined OCT-MPAM system offers complementary
information and gives functional information from the sample,
and allows distinction between different absorbers within the
500–840 nm range. To distinguish more accurately between the
different absorbers, additional spectral bands can be used as well
as reducing the bandwidth of the excitation beam. However,
reducing the bandwidth leads also to a lower energy on sample and
therefore the detected signal becomes weaker and the effective
imaging area is further limited. However, in Figs. 5(e) and 6 (g)–(i),
the overlapping of the 25 nm bands due to adjacent absorbers is
less observed than with the 50 nm bands (Fig. 5(d)). Reducing the
bandwidth gives more accurate spectral characterization of the
absorber at the cost of a narrower ﬁeld of view since the energy on
sample is reduced. The use of more wavelengths would therefore
be more suitable to improve the accuracy of the measurements.
3.3. In vitro OCT-MPAM of a mouse ear
Images of blood vessels were taken from an excised mouse ear.
Given the nature of the in vitro preparation we were only able to
successfully image lager capillaries due to the likely collapse of the
smaller vascular tubular networks which are typically present in
the ear. Fig. 7 shows the images generated by OCT and MPAM. PAM
has been registered for multiple bands: ﬁrst with bands extending
from 500 nm to 600 nm, then from 600 nm to 840 nm, then for
different central wavelengths: 530 nm, 550 nm and 580 nm, in
each case with a bandwidth of 50 nm. Fig. 7(a) represents the OCT
summed voxel projection, with the pigmentation of melanin as
well as some glands being observed. A large blood vessel is imaged
by PAM in Fig. 7(b) using the PAM maximum amplitude projection
at 550 nm with a bandwidth of 50 nm. The OCT B-scan, shown in
Fig. 7(c), demonstrates the different layers of the mouse ear and
the large blood vessel in the middle. The presence of the blood
vessel is conﬁrmed in Fig. 7(d) that represents the overlay of the
OCT B-scan and the PAM B-scan taken from Fig. 7(a) and (b),
respectively, at the position indicated by the line. The absorption of
the skin (melanin) can also be observed with PAM depending on
the wavelength range used. Fig. 8(a) shows the absorption
coefﬁcients of oxygenated and deoxygenated hemoglobin [27]
(HbO2 and Hb) and melanin [28] over our spectral range of interest:
500–840 nm. Hemoglobin and melanin, the two main constituents
of our in vitro sample, absorb strongly in our region of interest. This
is observed in Fig. 7(e) which represents the coloured overlay of
PAM B-scans taken for the 500-600 nm band (green) and for the
600–840 nm band (blue). Cyan results from a superposition of
green and blue corresponding to an absorption in both bands (i.e.
melanin, see Fig. 8(a)). For wavelengths longer than 600 nm,
melanin is the strongest absorber (blue in Fig. 7(e)) while in the
range extending from 500 nm to 600 nm, both melanin and
hemoglobin manifest absorption (cyan and green, respectively).
Furthermore, we have studied the main region of interest for blood
(500–600 nm). Figs. 7(f)–(h) represent the PAM B-scans for a
central wavelength of 530 nm, 550 nm and 580 nm respectively. In
Fig. 8(b), the experimental data (black circles) are presented: for
each wavelength, the maximum amplitude of the B-scan is taken
and normalized over the maximum obtained; corresponding to the
value at 550 nm. The theoretical amplitudes of the expected
photoacoustic signals for melanin and for hemoglobin are
superposed to the experimental values in Fig. 8(b). We took into
consideration the amount of energy incident on the sample as a
function of the central wavelength to normalize our absorption
coefﬁcients. In addition, for each absorber, we normalized these
values over their maxima. In Figs. 7(f)–(h) we should expect similar
signal amplitude for the melanin layer (horizontal line) at each of
the three wavelengths. The data set corresponding to a theoretical
oxygen saturation of 80% has been found to be the best match to
the experimental values. The blood vessel imaged here presents an
oxygen saturation of approximately 80  5%.
We have shown the concept of MPAM on in vitro biological
samples combined with OCT. Hemoglobin and melanin are clearly
distinguishable with PAM by using different spectral bands of the
supercontinuum excitation beam.
4. Conclusion
Bimodal imaging OCT-MPAM is demonstrated using a single
compact supercontinuum source. Operation in a wide range
extending from 500 nm to 840 nm is proven here for multispectral
measurements. The capabilities of each modality for real-time
imaging were demonstrated on several samples, in vitro. OCT offers
structural information at 1300 nm, however OCT is often not
sufﬁcient to differentiate absorbers. As a complement MPAM using
a supercontinuum source is a versatile tool for measuring
absorption spectra, oxygen saturation and differentiate absorbers
within the 500–840 nm range. Increasing the number of wave-
lengths used for PAM will improve the accuracy of the results.
These studies can be extended to in vivo biomedical samples.
Fig. 8. (a) Absorption coefﬁcients of oxygenated and deoxygenated hemoglobin
[27] and melanin [28] and (b) theoretical and experimental PAM normalized
amplitude of these absorbers in the region of interest.
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The SuperK VARIA is a unique filtering solution which allows tuning of both 
the center wavelength and the bandwidth of the filtered light.  
The VARIA suffers no polarization loss and thus delivers high power 
throughput. For example, over 50mW per wavelength across the full visible 
spectrum is easily achieved with the VARIA and the SuperK EXTREME EXW-
12 using only a 10 nm bandwidth.  
The VARIA is controlled through the SuperKontrol GUI and the optical out-
put can be a free-space collimated beam or single mode fiber delivery via 
the SuperK CONNECT fiber delivery range. The output from the VARIA is co
-linear for all wavelengths.  
­ 400-840nm tuning range, 10-100nm 
bandwidth 
­ > 50 dB out-of-band suppression 
­ High transmission, no polarization loss 
­ ĂƐǇWůƵŐ ?Ŷ ?WůĂǇĐŽŶŶĞĐƚŝŽŶƐŽƵƌĐĞ 
­ Full computer control 
­ SuperK Fiber Delivery  
­ Tested and approved for FLIM 
­ IR pass-through port 
SuperK VARIA 
Tunable wavelength filter with variable bandwidth 
Applications 
­ Fluorescence imaging 
­ Characterization of nanostructu-
res 
­ Test & Measurement 
Out of Band Suppression 
The SuperK VARIA has an industry leading 50 dB out-of-band suppres-
sion ?  i.e. the signal difference between the transmitted light within the 
selected wavelength region and the light leaking through outside the filter 
bandwidth. This makes the VARIA suitable for use with high sensitivity de-
tectors and photon counting setups. 





























Other filter accessories 
SuperK SELECT multi channel  
 
SuperK SELECT is a tunable wavelength filter 
based on acusto-optic tunable filter techno-
logy (AOTF). AOTFs tune over one octave of 
optical frequency and the SuperK SELECT 
allows the integration of two AOTF crystals 
to provide wide spectral coverage. Together 
with a range of unique features, the SuperK 
SELECT provides an easy to use, flexible and 
accurate tuning accessory to access any 
SuperK GAUSS spectral shaping 
 
SuperK GAUSS is a dual-output filter that 
transforms the wide spectral bandwidth of 
the SuperK EXTREME and provides a Gaus-
sian-like spectrum.   
For OCT, the SuperK GAUSS provides two 
high power spectral outputs centred at 
800nm and 1300nm, with bandwidths of up 
to 200nm. Similar configurations are also 
available for WLI applications. The two 
Gaussian shaped spectra can be used simul-
taneously but independed from each other 
due to its unique design. The SuperK GAUSS 
even allows tuning of the center wavelength 
of each band over 200nm. 
Features and Options 
Fiber Delivery 
SuperK CONNECT is a high performance fiber delivery system complete 
with broadband fibers and a range of termination options such as FC/PC 
connectors or high quality collimators. Interfacing is handled by the CON-
NECT fiber coupling block that ensure easy and stable single-mode cou-
pling that can be disconnected and reconnected without alignment. 
Typical Coupling Efficiency 70-80%  
Output Fiber Mode Single Mode 
Termination options Collmator, FC/PC or FC/APC 
Fiber Length 2.5 m (5 or 10m available upon request) 
Polarization PM or non-PM 
Power Lock (external feedback) 
The Power Lock options enables you to lock the power output of the Su-
perK VARIA via a build in photo detector. Simply connect the detector to 
the External Feedback BNC connector of the SuperK. Activate locking from 
the control panel and the SuperK will now lock the power output of the 
VARIA. The long term stability of a locked output will typically be better 
than +/- 0.5 % (over many hours) - depending on the wavelength. 
IR pass-through 
Transmission versus bandwidth 
The IR pass-through port on the VARIA transmits the part of the SuperK 
spectrum above 900 nm without filtering. This IR output can then be used 
directly or coupled into another filter accessory like the Superk SELECT. 
The transmission through the VARIA is largely independent of wavelength 
and bandwidth down to a bandwidth of 15-20nm below which is drops off 
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PMN-PT transducer Pulse-Echo, 100 cm 50 Ohms cable, Panametrics 5900, 1 µJ energy, 26 dB 
attenuation, 26 dB gain, aperture size 0.4 mm ! 0.4 mm, and natural focus 2.10 mm 
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Length of the Cable 
(100cm Ð 50 Ohms)    
       
Pulse Echo Test Conditions 
Panametrics 5900PR   
Attenuation 26.0 dB     
Gain 26.0 dB     
PRF 200 Hz      
Energy 1 µJ      
Damping 50 ohm      
HP filt 10 MHz      
LP filt 100 MHz      
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